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Abstract
Background
Controlled mechanical ventilation with randomly variable tidal volume patterns has been shown to im-
prove gas exchange and respiratory system mechanics compared to conventional ventilation in numer-
ous experimental models of acute respiratory distress syndrome (ARDS). Multiple mechanisms have
been proposed to explain this phenomenon called stochastic resonance. The recruitment of collapsed
lung regions has been proposed as the dominant mechanism, but the role of respiratory system recruit-
ment and de-recruitment dynamics during variable ventilation and the influence of periodic instead of
random variation has not been elucidated.
Objectives
The primary objective of this thesis was to investigate the effects of periodic tidal volume patterns during
variable ventilation on functional parameters with a special focus on gas exchange, respiratory system
mechanics and cardiovascular interactions. Further aims were to elucidate the relationship between
recruitment and de-recruitment dynamics and recruitment effects of random variable ventilation as well
as the impact of an excessive increase in pattern period during variable ventilation on respiratory system
mechanics. Finally, the relationship between recruitment effects during variable ventilation and the
recruitment and de-recruitment dynamics as well as the ability of random variable ventilation to prevent
de-recruitment are to be clarified.
Methods
Recruitment and de-recruitment dynamics were investigated based on the analysis of the time course
of dynamic respiratory system elastance in a double-hit model of ARDS in pigs, a model of lung inflam-
mation in rats, and in silico.
The effects of periodic variable ventilation were studied for a wide range of pattern periods using a
non-linear computational model of respiratory system mechanics, and in two experimental studies: Par-
tial pressure of oxygen in arterial blood (PaO2) was the primary outcome of the longitudinal study during
six hours of therapy in a double-hit model of ARDS in pigs. A cross-over study in a hydrochloric acid-
induced model of ARDS in rats was performed to investigate the effects of periodic variable ventilation
on baroreflex and respiratory sinus arrhythmia in context of the improvement of the primary end-point
PaO2. In both studies, tidal volume patterns were chosen to have main periods overlapping with the
dynamics of cardiovascular and respiratory sub-systems.
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Results and Discussion
Periodic variable ventilation, but not random variable ventilation, improved PaO2 compared to conven-
tional ventilation in the double hit model of ARDS. In both experimental studies, variable ventilation
independent of pattern period improved respiratory system elastance. The study in silico indicated that
periodic patterns have no additional positive effect on respiratory system mechanics compared to ran-
dom patterns, but will attenuate recruitment for an excessive increase in pattern period. Baroreflex and
respiratory sinus arrhythmia were affected by periodic tidal volume patterns in the acid-induced ARDS
model; however, pattern period was associated with a decrease in PaO2.
Recruitment and de-recruitment dynamics in the experimental model were similar to values derived
by analysis of dynamic computed tomography according to literature. In the computational study, re-
cruitment during random variable ventilation was maximised for specific values of recruitment and de-
recruitment dynamics. Recruitment dynamics were lower during random variable ventilation compared
to conventional recruitment manoeuvres, however in the range of de-recruitment dynamics of the re-
spective model. Consequently, random variable ventilation with a coefficient of variation of 30% was
sufficient to prevent an increase of respiratory system elastance during ventilation in the study on acute
lung inflammation in rats.
Conclusion
The asymmetry between recruitment and de-recruitment dynamics, which could be quantified by the
analysis of the time course of dynamic elastance, was associated with recruitment during random vari-
able ventilation in numerical simulations.
Periodic variable ventilation improved arterial oxygenation to a clinically relevant extent without con-
comitant improvement of lung recruitment compared to random variable ventilation in a double-hit model
of ARDS. Cardiovascular-respiratory interactions and asymmetry of recruitment and de-recruitment dy-




In zahlreichen experimentellen Modellen des Akuten Atemnotsyndroms (ARDS) konnte gezeigt wer-
den, dass die kontrollierte maschinelle Beatmung mit zufa¨llig variablen Tidalvolumen pro Atemzug
den Gasaustausch und die Atemmechanik im Vergleich zur konventionellen maschinellen Beatmung
deutlich verbessert. Es wurden mehrere Mechanismen zur Erkla¨rung dieses Pha¨nomens, der Stochas-
tischen Resonanz, vorgeschlagen. Die Wiederero¨ffnung kollabierter Lungenareale (Rekrutierung) ist
dabei als dominanter Mechanismus der variablen Beatmung identifiziert wurden. Die Rolle der Dyna-
mik von Rekrutierung und Derekrutierung sowie der Einfluss von Periodizita¨t an Stelle von Zufa¨lligkeit
in der Sequenz der Tidalvolumina wa¨hrend Zufa¨lliger Variabler Maschineller Beatmung (ZVB) wurde
bisher lediglich in numerischen Simulationen evaluiert.
Fragestellung
Hauptziel dieser Arbeit war es, die Auswirkungen der Periodischen Variablen Maschinellen Beatmung
(PVB) auf Gasaustausch, Mechanik des Respiratorischen Systems sowie Kardiovaskula¨rer Wechsel-
wirkungen zu untersuchen. Ferner sollten mo¨gliche Mechanismen der PVB identifiziert werden. Der
Zusammenhang zwischen der Rekrutierungsdynamik und den Rekrutierungseffekten der ZVB sowie
den Auswirkungen einer u¨berma¨ßigen Erho¨hung der Periodendauer wa¨hrend der PVB auf die Me-
chanik des Respiratorischen System war ebenfalls zu untersuchen. Ferner war der Zusammenhang
zwischen den Rekrutierungseffekten bei der ZVB und der Dynamik der Rekrutierung / Derekrutierung
des Respiratorischen Systems zu untersuchen.
Material und Methoden
In einem nichtlinearen numerischen Modell der Atemmechanik wurden die Auswirkungen der PVB fu¨r
einen breiten Bereich von Periodendauern untersucht. Die Dynamik der Rekrutierung und Derekru-
tierung der Lunge wurde basierend auf der Analyse des Zeitverlaufs der dynamischen Elastance des
Respiratorischen Systems in einem Doppelhit-Modell des ARDS im Schwein, einem Modell der Lun-
genentzu¨ndung in der Ratte sowie in silico untersucht.
Die Effekte der PVB auf Gasaustausch und Atemmechanik wurden in zwei experimentelle Studi-
en in verschiedenen Modellen des experimentellen ARDS untersucht: Der Partialdruck von Sauer-
stoff im arteriellen Blut (PaO2) war die prima¨re Zielgro¨ße in der La¨ngsschnittuntersuchung wa¨hrend
der sechsstu¨ndigen Therapie des experimentellen ARDS am Hausschwein, welches induziert wur-
de durch wiederholte Auswaschung von Surfaktant mit anschließender beatmungsinduzierter Lun-
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genscha¨digung. In einer Cross-over-Studie an einem salzsa¨ureinduzierten Modell des ARDS in Ratten
wurden die Auswirkungen der PVB auf Baroreflex- und respiratorische Sinusarrhythmie im Zusammen-
hang mit dem prima¨ren Endpunkt PaO2 untersucht.
Ergebnisse und Diskussion
PVB jedoch nicht die ZVB, verbesserte den PaO2 im Vergleich zur konventionellen maschinellen Beat-
mung im Doppelhit-Modell des ARDS wa¨hrend sechstu¨ndiger Therapie. In beiden Studien verbesserte
die PVB unabha¨ngig von der Periodendauer die Elastance des Respiratorischen Systems. Die Simula-
tionen am Computermodell besta¨tigten, dass periodische Muster keinen zusa¨tzlichen positiven Effekt
auf die Mechanik des Atmungssystems im Vergleich zu zufa¨lligen Mustern haben, aber die Rekru-
tierung wa¨hrend Variabler Maschineller Beatmung fu¨r eine u¨berma¨ßige Erho¨hung der Periodendauer
abschwa¨chen ko¨nnen. Baroreflex und Respiratorische Sinusarrhythmie wurden durch periodische Se-
quenz aufeinander folgender Tidalvolumina im sa¨ure-induzierten ARDS-Modell beeinflusst, jedoch war
die Musterperiode mit einem Ru¨ckgang des PaO2 assoziiert.
Die im experimentellen Modell bestimmte Dynamik der Rekrutierung und Derekrutierung besta¨tigte
aus der Literatur bekannte Werte, die durch die Analyse der dynamischen Computertomographie ge-
wonnen wurden. In der numerischen Modell-Studie zeigte sich, dass die Rekrutierung wa¨hrend der
ZVB fu¨r bestimmte Verha¨ltnisse zwischen Rekrutierungs- und Derekrutierungsdynamik (Asymmetrie)
maximiert werden. Die Dynamik der Rekrutierung war bei der ZVB im Vergleich zu herko¨mmlichen Re-
krutierungsmano¨vern geringer, jedoch innerhalb des Wertebereichs der Dynamik der Rekrutierung des
jeweiligen Modells. Folglich konnte durch ZVB mit einem Variationskoeffizienten von 30% die Derekru-
tierung der Lunge in einem Modell der akuten Lungenentzu¨ndung verhindert werden.
Schlussfolgerung
Die Asymmetrie zwischen der Dynamik der Rekrutierung und Derekrutierung der Lunge, die durch die
Analyse des Zeitverlaufs der dynamischen Elastance quantifiziert werden konnte, war mit der Rekru-
tierung wa¨hrend der Zufa¨lligen Variablen Beatmung in numerischen Simulationen assoziiert.
Die Periodisch Variable Beatmung verbesserte die arterielle Oxygenierung in einem klinisch relevan-
ten Umfang ohne gleichzeitige Verbesserung der Lungenrekrutierung im Vergleich zur Zufa¨lligen Varia-
blen Beatmung in einem Doppelhit-Modell des ARDS am Schwein. Weder Kardiovaskula¨r-respiratorische
Wechselwirkungen noch die Asymmetrien der Rekrutierungs- und Derekruitierungsdynamik standen
mit dieser Verbesserung im Zusammenhang.
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ABP arterial blood pressure
AICc corrected Akaike’s information criterion
ALI acute lung injury
ANOVA analysis of variance
ARDS acute respiratory distress syndrome
BAL broncho-alveolar lavage fluid
BGA blood gas analysis
BPV blood pressure variability
CO cardiac output
CoV coefficient of variation
CPAP continuous positive airway pressure
CRI cardioascular-respiratory interactions
C respiratory system compliance
CT computed tomography
CV constant tidal volume ventilation
CVP central venous pressure
DAD diffuse alveolar damage
∆Crel relative change of model compliance
∆P offset between acinar opening PO and closing PC pres-
sure
E1 volume-independent respiratory system elastance
E2 volume-dependent respiratory system elastance





EIT electrical impedance tomography
E respiratory system elastance
FEM finite elements model
FIO2 fraction of inspired oxygen
FSOSC ratio between acinar opening SO and closing speed SC
HCl hydrochloric acid
HF high frequency
HPVC hypoxic pulmonary vasoconstriction
HR heart rate in beats per minute (bpm1) or in Hz
HRV heart rate variability
ICU intensive care unit
LF low frequency
LPS lipopolysaccharide
MAP mean arterial pressure
MPAP mean pulmonary arterial pressure
µ mean value or expected value of a Gaussian distributed
quantity
MV minute ventilation
NN interval between two normal heart beats identified by R-
peaks in the QRS-complex (Einthoven II lead)
NO nitric oxide
P-V-curve airway pressure versus inspired volume curve
PABP pulmonary arterial blood pressure
PaCO2 partial pressure of carbon-dioxide in arterial blood
PaO2 partial pressure of oxygen in arterial blood
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Seemingly ambiguous the unit abbreviation bpm was used for both breaths per minute and beats per minute, because the
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RR respiratory rate
R respiratory system resistance
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Since its first description in 1967, the acute respiratory distress syndrome (ARDS) has drawn substantial
attention in clinical practice as well as scientific research. Although several strategies and techniques
have been proposed to tackle the underlying effects of this condition, it is still under-recognised and
under-treated, and its mortality remains at approximately 40% (Section 1.1.1).
Random cycle-by-cycle variation of ventilator settings has been studied extensively since the end
of the twentieth century in a variety of pre-clinical studies with non-injured and injured lungs with the
particular focus on the therapy of ARDS. Especially in diseased lungs the respiratory system benefits
from random variation as gas exchange and respiratory mechanics are improved. These improvements
may be explained macroscopically due to the recruitment of collapsed lung areas and, microscopically
due to reduced inflammatory response and increased surfactant production and release in the alveolar
cells. Adding noise to the ventilator settings yields improved gas exchange. This phenomenon is called
stochastic resonance (Suki et al., 1998), and its extent depends on the degree of pattern variability
during variable ventilation (Section 1.1.2).
However the broncho-alveolar system and all sub-systems related to respiration do have specific
temporal characteristics, e.g. time of action, delay and time constants (Section 1.1.4). Hence it may
be hypothesised that targeting those dynamics by a periodic rather than random VT - variation (Section
1.1.3) of ventilator settings could further increase the benefits of variable ventilation (Section 1.2).
1.1 Background
1.1.1 Acute Respiratory Distress Syndrome (ARDS)
ARDS is a life-threatening condition of the respiratory system characterised by severe dyspnea, tachyp-
nea, therapy-resistant cyanosis, reduced lung compliance and diffuse infiltrations visible in the thorax
x-ray that occurred during clinical therapy of a variety of underlying diseases, e.g. trauma, infections
and inflammation. Seven of twelve patients died during treatment in the first description of this critical
condition by Ashbaugh et al. (Ashbaugh et al., 1967).
The incidence of ARDS in adults today varies between 5 − 7.2 cases per 100, 000 inhabitants and
year in Europe (Sigurdsson et al., 2013) and 86.2 cases per 100, 000 inhabitants and year in the United
States of America (Rubenfeld et al., 2005). This difference may be explained by discrepancies in
availability and density of health care facilities between Europe and North America (Wunsch et al.,
2008) as well as repetitively changing definitions of this clinical pattern. An international, multicentre,
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prospective cohort study in patients undergoing (non-)invasive ventilation showed an incidence in the
intensive care unit (ICU) of 3022
29,144
= 10.4% (Bellani et al., 2016).
Today, ARDS is defined according to a consensus of the European Society of Intensive Care Medi-
cine, the American Thoracic Society and the Society of Critical Care Medicine made in Berlin in 2011
(Table 1.1, ARDS Definition Task Force et al. (2012)).
Mortality of ARDS, when averaged over all patients and levels of severity is approximately 40% (Villar
et al., 2014). Differing hospital lethality by severity of ARDS in 50 countries shows distinct differences
(Table 1.1, Bellani et al. (2016)). A recent study revealed an under-recognition and under-treatment of
ARDS leaving room for improvement of therapy (Laffey & Kavanagh, 2017).
Table 1.1: Definition of ARDS according to Berlin Consensus (ARDS Definition Task Force et al., 2012)
Criterion Severity PaO2/FIO2 in mmHg PEEP in cmH2O Hospital mortality* in %
Oxygenation
mild 200 ≤ 300 5 34.9
moderate 100 ≤ 200 5 40.3
severe ≤ 100 5 46.1
Time course Onset within one week of insult, or new (within 7 days) or worsening respiratory
symptoms
Chest X-Ray Bilateral airspace disease on chest x-ray or computed tomography not fully ex-
plained by effusions, lobar or lung collapse, or nodules
Lung oedema Cardiac failure or fluid overload not the primary cause of acute hypoxic respiratory
failure
* according to (Bellani et al., 2016).
Pathology
Primary factors influencing the risk of ARDS are among others alcohol abuse, hypoalbuminemia, ta-
chypnea, acidosis, need for oxygen delivery, obesity, chemotherapy and Diabetes mellitus. Studies on
patients in ICU showed that sepsis, trauma, and mass transfusion and aspiration are the most com-
mon underlying diseases for ARDS. For patients that presented at the emergency ward, additionally,
the following factors were associated with ARDS: smoke inhalation, shock and severe surgeries at the
cardiovascular system. (Gong et al., 2005; Gajic et al., 2011)
The pathophysiological hallmark of ARDS is the damage of the alveolocapillary barrier. Protein en-
riched oedema fluid enters in the alveolar space, and the gas diffusion distance is impaired. Passing
blood only poorly increases partial oxygen pressure and trans-pulmonary shunt volume increases. Hyp-
oxic pulmonary vasoconstriction (HPVC) leads to vasoconstriction or -dilation to reduce shunt volume in
oedema-filled regions, and blood is redirected to ventilated lung regions. In a globally poorly ventilated
lung directly pulmonary vascular resistance is increased and thus right ventricular afterload is elevated.
In last consequence, the edematic lung areas collapse and tidal volume (VT ) is distributed to ventilated
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alveoli that get over-distended and thus damaged. (Bellani et al., 2016)
The damaged alveolar epithelial/capillary endothelial cells and pathogen release signalling molecules
that activate alveolar macrophages to establish a defence environment. The alveolar macrophages
may also be activated by cytokines from other organs circulating in the bloodstream. The macrophages
secrete chemokines that in turn activate neutrophilic granulocytes and circulating monocytes, TNFα1
to stimulate neighbouring cells to an anti-inflammatory response and T-cells are stimulated (Aggarwal
et al., 2014).
The released cytokines cause recruitment of granulocytes and monocytes from the bloodstream into
the alveolar space. The full inflammatory response with its primary antimicrobial properties is further
damaging the alveolar structure. The endothelial barrier is becoming more permeable, and fluid rich in
protein is collecting within the alveolar space. Alveolar epithelial type II cells regulate intra-alveolar fluid.
In a healthy state, these cells absorb excess fluid from the alveolar space. The inflammatory process,
however, is limiting this function and thereby indirectly contributes to oedema formation. Damage of the
alveolar epithelial type II cells leads to reduced synthesis and segregation of surfactant which further
boosts the tendency of the collapse of affected alveoli. If anti-inflammatory counter-actions are ineffi-
cient or if the inflammatory stimulus persists for a long time, the full picture of ARDS develops. (Han &
Mallampalli, 2015)
Therapy
Therapy of ARDS consists of the treatment of the underlying pathology, with, e.g. antibiotics for infec-
tion, while guaranteeing supply of oxygen and the removal of carbon-dioxide to reach adequate levels
of partial pressure of oxygen in arterial blood (PaO2) and partial pressure of carbon-dioxide in arterial
blood (PaCO2), which might be supported by numerous adjunctive measures, e.g. corticoids, inhalation
of prostacyclin, prone positioning or nitric oxide.
Two strategies may be combined to achieve adequate gas exchange in clinical practice (Schmidt
et al., 2017; Quintel et al., 2017; Martin-Loeches et al., 2017):
1. Mechanical ventilation with (intermittent) positive pressures may allow to reach adequate gas
exchange in the injured lung, however, with the potential to worsen the clinical picture due to
ventilator induced lung injury (VILI).
2. Extracorporeal life-support (ELS), including extracorporeal membrane oxygenation or extracor-
poreal CO2 removal, allows to achieve adequate gas exchange while keeping the lung at rest,
at the cost of risk of infection, haemolysis and vessel damage due to the necessary venous or
arterial cannulation.
While the former method is widely used because of its simplicity and cost-efficiency, ELS might reduce
mortality. However the later is technically challenging, more expensive, and thus reserved for most in
the severe form of ARDS.
1
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During ARDS therapy, constant tidal volume ventilation (CV) is applied with low VT of 6ml/kg body
weight and low or moderate PEEP ≥ 5 cmH2O depending on PaO2 and maximal airway pressure to
30 cmH2O. This approach has been shown to significantly reduce mortality (ARDS Network, 2000).
Low VT with peak pressure limitation today represents the main stem of mechanical ventilation strategy
in ARDS therapy. However the ideal positive end-expiratory pressure (PEEP ) strategy to minimize ate-
lectrauma is still debated given that in patients ventilated with low VT mortality with low or high PEEP did
not differ significantly. (NHLBI ARDS Clinical Trials Network, 2004; Meade et al., 2008; Mercat et al.,
2008). However this might be limited to non-injured, mild or moderate forms of ARDS. In severe forms
of ARDS high values of PEEP might be beneficial as suggested (Briel et al., 2010). In a recent clinical
study however, excessive increase of PEEP to ensure an open lung following PEEP titration, increased
28-day all cause mortality (Writing Group for the Alveolar Recruitment for Acute Respiratory Distress
Syndrome Trial (ART) Investigators et al., 2017).
This might be explained when identifying the impact of PEEP showing a U-shaped relationship with
VILI. Easily recruitable lung regions are re-opened using an adequate PEEP level. The cyclic reopening
of atelectatic lung regions (atelectrauma), e.g. by high inspiratory pressures and low end-expiratory
pressures, shall be avoided (Beitler et al., 2016; Fernandez-Bustamante et al., 2015). In lung regions
that are not recruitable, or only recruitable using intermittent high pressure (recruitment manoeuvres),
a high PEEP may result in over-distension of recruited and ventilated lung regions, thereby worsening
injury in ventilated areas (volutrauma). Additionally, high intra-thoracic pressures reduce venous return
independently of the ability to recruit the lung and may lead to the increased necessity of vasopressors
(The PROVE network investigators, 2014).
Recent findings on the development of alveolar leaks in an experimental study in mice suggest that
ruptures of the alveolar-capillary barrier are caused initially by atelectrauma and further expanded by
volutrauma (Hamlington et al., 2018). However, this interpretation is in contrast to an experimental
study in pigs that found that volutrauma might be a more important mechanism of VILI compared to
atelectrauma (Gu¨ldner et al., 2016).
An individualisation of PEEP has been proposed based on routinely available measures as e.g. oxy-
genation, carboxygenation or respiratory system compliance (C) (Huh et al., 2009; Keenan & Dries,
2013); and based on additional minimal or non-invasive measurements as oesophageal pressure meas-
urement to obtain a surrogate for global trans-pulmonary pressures (Talmor et al., 2008) or lung imaging
techniques such as computed tomography (CT) or electrical impedance tomography (EIT) (Costa et al.,
2009; Gattinoni et al., 2006; Bikker et al., 2009). Individualised PEEP setting in clinical practice is per-
formed based on the former routinely available measures in combination with recruitment manoeuvres.
Using CV without spontaneous diaphragmatic activity allows to control the ventilation of the patient
completely, and thus spontaneously triggered high VT may be avoided. Deep sedation and muscle
relaxation avoid patient-ventilator asynchrony that may lead to a prolonged time of ventilation, increased
energy requirements of the diaphragm, and reduced patient comfort (Thille et al., 2006). The use of
controlled and pressure-limited ventilation with deep sedation and muscle relaxation might be beneficial
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during the initial phase of therapy of severe ARDS (Papazian et al., 2010), however at the cost of
diaphragmatic atrophy (Levine et al., 2008). There is no clinical evidence that controlled mechanical
ventilation during therapy of ARDS performed either in pressure or volume-controlled mode, affects
mortality (Esteban et al., 2000).
Conversely, both gas exchange and cardiac function improved during assisted ventilation with spon-
taneous breathing activity in trauma patients with ARDS (Putensen et al., 2001). The primary mech-
anisms explaining these observations are the recruitment of dependent lung regions, and improved
ventilation-perfusion matching confirmed by preclinical data. However, studies in models of experi-
mental ARDS, suggest that a limitation of the amount of spontaneous effort may improve gas exchange
and pulmonary inflammation (Gama de Abreu et al., 2012; Gu¨ldner et al., 2014; Yoshida et al., 2017)
Long-term Outcomes
Patients with ARDS suffer long-term physical and psychological consequences. Even five years after
therapy, individual physical performance remains reduced. In the six-minute walking test ARDS surviv-
ors underperform compared to age- and gender-specific reference populations (Herridge et al., 2011;
Luyt et al., 2012).
1.1.2 Variable Ventilation
Healthy biological systems can adapt to changing conditions of their environment relatively fast, and
their function shows intrinsic fluctuations with-in each of these subsystems during steady-state condi-
tions, for example, the cardiovascular (Ivanov et al., 1999) and the respiratory system (Frey et al., 1998).
In diseased biological systems, such natural functional variation (variability) is reduced. Reduced vari-
ability of heart rate in patients with coronary heart disease (Huikuri & Ma¨kikallio, 2001), blood pressure
during pre-eclampsia (Malberg et al., 2007), heart rate and blood pressure during pathological sleep
(Penzel et al., 2007), as well as of respiratory rate and tidal volume in patients with chronic obstruct-
ive pulmonary disease (Brack et al., 2002) and prolonged weaning (Wysocki et al., 2006) have been
documented.
Different, from most biological systems, the variability of the respiratory system can be easily influ-
enced in an attempt to improve its function. In controlled, as well as in assisted mechanical ventilation,
the variability of tidal volume or respiratory rate may be modulated externally by the mechanical vent-
ilator to reproduce specific characteristics of spontaneous breathing in healthy subjects. Since mech-
anical ventilation represents a standard intervention in intensive care and emergency, the interest in
modes able to enhance the variability of the respiratory pattern is increased.
Physiological breathing patterns are highly variable and, to a considerable extent, unpredictable. The
variability of a pattern is quantified by coefficient of variation (CoV), standard deviation of a gaussian
distributed quantity (σ) divided by its mean µ (CoV = σ
µ
). In healthy spontaneous breathing at rest,
CoV of tidal volume is approximately 33 ± 14.9% (Tobin et al., 1988). The anatomical structure of the
lung may partially explain the importance of variability in the respiratory pattern. The airways and the
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pulmonary circulation are branching trees with a typical fractal structure in the sense that lower airway
generations resemble closely higher generations, and small branches of the pulmonary circulation are
similar to larger ones (Boxt et al., 1994). Such fractal structure maximises the area for gas exchange
and supports irregular gas-mixing at lower branches (Tsuda et al., 2002). Breath-by-breath variation
of tidal volume and respiratory rate contribute to sustaining fast state transition while minimising the
ratio between tissue stress and strain (Suki et al., 1998). Interestingly, tidal volume variability in the
physiological resting awake state 33 ± 14.9% is similar to REM sleep 27.5 ± 7.8% but higher than in
other pathophysiological and physiological states, as for example during non-REM sleep 10.5 ± 0.9%
(Rostig et al., 2005) and in the diseased ARDS state 16 ± 14% (Huhle et al., 2013). In patients with
restrictive lung disease (Brack et al., 2002), and also in patients with chronic obstructive pulmonary
disease (Loveridge et al., 1984), the variability of the tidal volume pattern, is reduced to 22 ± 5% and
25.3 ± 16.3%, respectively.
The rationale for variable controlled mechanical ventilation is that the use of physiological variability
in the respiratory pattern, as observed in the resting state in healthy subjects, may be beneficial to
improve function and reduce damage in the diseased lung.
These claims have been proven in a vast number of experimental studies in healthy and excepted
animal models of ARDS to improve lung mechanics and aeration of the lung, redistribute perfusion, de-
crease inflammatory response on a cellular level and increase production and segregation of surfactant
(Section 1.1.2).
This section summarises the putative mechanisms of variable ventilation and provides a compre-
hensive review of the literature both on controlled and assisted variable mechanical ventilation. The
focus lies mainly on the translational aspects that are relevant for the clinical practice. This chapter has
been published, in part, as a review in the Annual Update in Intensive Care and Emergency Medicine
2016 (Huhle et al., 2016a) and in Critical Care Forum (Huhle et al., 2016b).
Modes of Variable Ventilation
In general terms, a system is considered to be variable/have variability if its input/state/output changes
over time. Variability can be regular or deterministic, irregular, or a combination of the two. Deterministic
variability occurs when the output changes predictably, while random variability is when the variability
follows an unpredictable pattern. Regular variability is usually seen when the pattern of output changes
is not complex, for instance in a sinus wave. Conversely, in random variability the pattern of differ-
ence among levels is complex. For example, tidal breathing has a regular component and an irregular
component that changes from cycle to cycle.
Variability of a system can be deterministic (i.e. non-random) when it works according to pre-defined
rules without random components, and the output of the system can be predicted by these rules. Fur-
thermore, systems can show a hybrid or near-deterministic behaviour, when both deterministic and
stochastic components are present which is usually the case for biological systems.






of shunt), or redistribution of pulmonary blood flow towards better-ventilated lung zones (reduction of
dead space, Figure 1.4). Variable ventilation leads intermittently to airway pressures exceeding the
critical opening pressures of single airways in dependent lung zones, resulting in alveolar recruitment
in those areas. Following that, aeration and ventilation increase in the dependent lung and as perfu-
sion shows a prominent gravity dependent ventral-to-caudal gradient, local and global V/Q˙ matching
increases. Also, perfusion may accompany the redistribution of ventilation to dependent lung zones,
further increasing the V/Q˙ matching.
However, gas exchange may also improve without redistribution of ventilation. It has been suggested
that during variable pressure support ventilation, oxygenation increases despite a lack of improvement
of aeration of dependent lung zones. In fact, in experimental models of ARDS, a redistribution of
perfusion from dependent to non-dependent lung regions has been observed (Spieth et al., 2011),
resulting in enhanced V/Q˙ matching. Therefore, in the presence of preserved hypoxic pulmonary
vasoconstriction, a phenomenon that we termed “capillary recruitment” may occur, shifting perfusion
towards the better aerated and ventilated non-dependent lung zones.
Another mechanism potentially influencing V/Q˙ matching is the respiratory sinus arrhythmia (RSA).
RSA corresponds to the increase of heart rate during inspiration compared to expiration. Hence, in
the presence of preserved RSA, a higher volume of blood is ejected in the pulmonary and arterial tree
during inspiration, i.e. when the alveolar gas/blood pressure gradient is steepest in the respiratory cycle.
Such physiological mechanism increases intra-tidal V/Q˙ matching and thus gas exchange efficiency
(Eckberg, 2003).
It has been shown, in anaesthetised dogs, that RSA may decrease dead space and intrapulmonary
shunt by as much as 10% and 51%, respectively while increasing PaO2 by 17%. Negative RSA (de-
creased / increased heart rate during inspiration / expiration) had inverse effects on dead space and
intrapulmonary shunt, but did not affect PaO2 (Hayano et al., 1996; Hayano & Yasuma, 2003).
Variable Mechanical Ventilation in Experimental Studies
The results of the literature review presented in this section are summarised in Table A.1.
Healthy and Pre-term Lungs
In anaesthetised pigs without lung injury, rVV compared to CV mitigates the deterioration of gas ex-
change that is usually observed during prolonged mechanical ventilation (Mutch et al., 2000a).
In pre-term lambs with immature lungs, rVV compared to CV improved the dynamic C and reduced
the PaCO2 without influencing oxygenation, the protein content in broncho-alveolar lavage fluid (BAL),
and the gene expression of IL-1β (Pillow et al., 2011).
Similarly, respiratory system elastance ¸respiratory system elastance (E) increased during CV but
to a smaller amount in VV without significant effects on ventral-dorsal and craniocaudal reduction of




all features of human ARDS. Moreover, the degrees of recruitability, tissue damage and inflammation
differ widely among models. While the saline lung lavage model usually shows best recruitability and
relatively low inflammatory response, hydrochloric acid (HCl) acid aspiration typically results in a more
heterogeneous injury and less recruitable lung (Matute-Bello et al., 2008). In this section, the main
results of the numerous experimental studies are discussed.
Effects on Gas Exchange
Variable controlled mechanical ventilation outperformed CV in terms of arterial oxygenation in 10 out
of 12 experimental studies in models of ARDS, including surfactant depletion (Bellardine et al., 2006;
Spieth et al., 2009b), oleic acid (Boker et al., 2002; Funk et al., 2004; Graham et al., 2011a; Lefevre
et al., 1996; Mutch et al., 2000b) and HCl aspiration (Thammanomai et al., 2013; Spieth et al., 2013a).
In two studies using oleic acid injury, rVV did not improve arterial oxygenation compared to CV in
mongrel dogs (Nam et al., 2000) and pigs (Graham et al., 2011b). Interestingly, the effects of VV on
arterial oxygenation seem to be dependent on the degree of tidal volume variability. In guinea pigs with
lung injury induced by endotoxin, a CoV of 23 − 35 % in tidal volume maximised arterial oxygenation
(Arold et al., 2002).
Improvements in gas exchange were also shown during variable pressure support ventilation com-
pared to pressure support ventilation in pigs with lung injury induced by saline lung lavage (Gama de
Abreu et al., 2008; Spieth et al., 2009a, 2011, 2012). Such effects seem also to depend on the degree
of variability of pressure support variability, whereby a CoV of 30 % is associated with highest levels of
arterial oxygenation (Spieth et al., 2009a) while for CoV > 30 % detrimental effects on haemodynamics
inhibit a further increase of PaO2.
Independent of injury model and also in lung healthy animals, the partial arterial pressure of carbon
dioxide PaCO2 was reduced during variable ventilation compared conventional mechanical ventilation
when minute ventilation was comparable between groups (Arold et al., 2003; Bellardine et al., 2006;
Mutch et al., 2000a; Spieth et al., 2011).
Ventilation-Perfusion Matching
In an oleic acid model of ARDS in pigs, total lung volume measured by CT increased after 4 h of VV but
not in CV (Graham et al., 2011a,b). Also, VV resulted in a significant increase of normally aerated, and
a decrease of non- and poorly aerated lung tissue. In addition, rVV as compared to CV, surfactant was
simultaneously redistributed towards dorsal regions. Thus, although perfusion was not measured and
the regions of recruitment were not reported, an increase of V/Q˙ matching is indicated. Assisted VV
had effects neither on recruitment nor on redistribution of aeration in a surfactant depletion model when
compared to conventional assisted ventilation (Carvalho et al., 2011; Gama de Abreu et al., 2008).
In porcine models of lung injury induced by oleic acid (Boker et al., 2002; Funk et al., 2004; Graham
et al., 2011a; Lefevre et al., 1996; Mutch et al., 2000b,c) and surfactant depletion (Spieth et al., 2009b),
as well as healthy lungs (Mutch et al., 2000a), rVV reduced pulmonary shunt.
Similarly, venous admixture was reduced in variable but not in conventional pressure support vent-
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ilation (Gama de Abreu et al., 2008; Spieth et al., 2012). In a models of lung injury induced by oleic
acid in pigs (Boker et al., 2002; Graham et al., 2011a,b; Lefevre et al., 1996) rVV did not importantly
influence dead space, suggesting that during variable ventilation shunt reduction is more prominent
then reduction of dead space.
In an oleic acid induced porcine model of ARDS it was shown that rVV increased RSA (maxRRexp -
minRRinsp: 21.8 vs. 11.1ms for rVV vs. CV, respectively). Unfortunately in this study any values of gas
exchange and lung mechanics were reported. Consequently no association between gas exchange
efficiency during variable ventilation and amount of RSA may be derived.(Mutch et al., 2005)
In healthy porcine rVV neither influenced RSA nor effects in gas exchange (Beda et al., 2012). Con-
sequently, it might be hypothesised that if variable ventilation has positive effects on gas exchange
through increased positive RSA, the underlying mechanism might only be relevant during ARDS. This
notion may be supported by the results of a numerical simulation study suggesting, that positive RSA
does not influence gas exchange efficacy in physiological conditions but may decrease cardiac work
(Ben-Tal et al., 2012, 2014).
Respiratory System Mechanics
In 10 out of 12 experimental studies in different species and models of ARDS, respiratory system
compliance (C) was positively effected by rVV. In two studies, in canine and in porcine, with oleic acid
injury C was not affected positively through variable ventilation (Nam et al., 2000; Boker et al., 2002).
C showed a linear dependence on the level of variability, reaching its maximal values at a variability of
CV = 35 % (Arold et al., 2002).
In three studies on rodents with acid aspiration model, respiratory system resistance (R) was only
improved by rVV in one investigation (Thammanomai et al., 2013). However an effect on R may only
be secondary to recruitment of large portions of the lung (cmp. Section 1.1.2).
In a porcine surfactant depletion model variable pressure support ventilation improved lung mechan-
ics, reducing R (Spieth et al., 2012) and increasing C (Beda et al., 2012; Carvalho et al., 2011; Gama
de Abreu et al., 2008; Spieth et al., 2009a, 2011, 2012). Comparable C improved linearly with variability
of the support reaching its maximum at CV = 45 % (Spieth et al., 2009a).
Surfactant Production and Release
In healthy guinea pigs, rVV compared to CV led to an increase of surfactant associated phospholipid
concentration and a decrease of membrane associated phospholipid concentration, respectively (Arold
et al., 2003). In contrast, in oleic acid injured pigs, rVV had no positive effects on surfactant surface
tension as measured by capillary surfactometry on raw and chloroform/methanol extracted BAL (Funk
et al., 2004).
In non-ARDS lungs rVV augmented surfactant secretion, but had no effect on surfactant surface
tension in oleic acid-injured lungs. Thus in healthy lungs but not in injured lungs surfactant production
and release might be an important mechanism to explain the benefits of variable ventilation. However




Inflammation occurs during ARDS in the lung as a consequence of cell injury. Depending on the vent-
ilator strategy the initial injury may be amplified, mediating pulmonary oedema, alveolar disruption and
release of cytokines (Slutsky & Ranieri, 2013). Thus a potential means of quantifying protectiveness of
a ventilation mode is the measurement of inflammatory cytokine and mRNA concentrations in BAL and
in lung tissue, respectively.
In tracheal aspirates of oleic acid-injured pigs Interleukin-8 (IL-8) concentrations decreased after
five hours of rVV compared to CV but investigated pro-inflammatory cytokines Tumor necrosis factor-
α (TNF-α) and Interleukin-6 (IL-6) were measurable neither in serum nor in tracheal aspirates. The
concentration of the anti-inflammatory cytokine IL-10 differ not between groups in serum and tracheal
aspirate samples. In HCl-injured mice the IL-1β levels in CV was significantly higher than in the baseline
injury group and in VV as measured by Western Blot Analysis (Thammanomai et al., 2013). In guinea
pigs after three hours of rVV similar results were seen in the concentrations of the pro-inflammatory
cytokines TNF-α, IL-6 and monocyte chemo-attractant protein-1 (MCP-1) in BAL (Arold et al., 2003).
TNF-α concentrations were two-fold/ten-fold increased during CV compared with rVV / unventilated
controls. IL-6 concentrations were increased six-fold / thirty fold in CV compared to rVV / unventil-
ated controls and similarly MCP-1 was increased about three-fold / six-fold in CV compared to rVV /
unventilated controls.
In contrast several groups found no differences in the inflammatory response between CV and rVV.
In oleic acid injured porcine IL-8 concentration level in BAL did not differ between rVV and CV (Funk
et al., 2004). In a model of bronchospasm initiated by administration of Methacholine aerosol in pigs no
differences were found in the concentration level of IL-6 and IL-10 in BAL between rVV compared to CV
(Mutch et al., 2007). In pre-term lambs there was no differences between CV and rVV in total protein
content for BAL and mRNA levels of IL-1β after quantitative real-time polymerase chain reaction in lung
tissue (Pillow et al., 2011).
In surfactant depletion model in pigs - gene expression, lung tissue cytokine levels of IL-6, IL-8 and
transforming growth factor-β (TGF-β) were not different between rVV and CV after six hours of therapy
(Spieth et al., 2009b). Comparable in the same injury model no effects of variable pressure support
ventilation on inflammatory markers were found in plasma as well as lung tissue when compared to
conventional pressure support ventilation (Spieth et al., 2011, 2012). The available literature is not
conclusive on the relation between inflammation and rVV compared to CV. While in studies on large
animals neither differences in pro-inflammatory nor anti-inflammatory reaction could be established
during ARDS independent of animal model, studies performed on healthy and HCl injured rodents
suggest a reduced pro-inflammatory response during variable ventilation. However, an in-vitro study on
lipopolysaccharide (LPS) injured alveolar epithelial L2-cells confirmed a reduction of the inflammatory
response suggesting a cellular mechanism when a variable instead of a constant tidal stretch was
applied involving the ERK1/2 signalling pathway (Rentzsch et al., 2017).
Damage of post-mortem acquired tissue samples of the lung showed no difference for rVV versus
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CV in oleic acid injury (Funk et al., 2004), but in surfactant depletion model rVV reduced overall tissue
damage as assessed by diffuse alveolar damage (DAD) score when compared to CV (Spieth et al.,
2009b) and furthermore rVV reduced interstitial oedema, haemorrhage and epithelial dysfunction in
this study.
In porcine oleic acid model total lung weight and density was reduced and average alveolar fluid
clearance rates were positive in rVV and negative in CV (Graham et al., 2011b). However analysis of
corresponding wet-to-dry ratio2 of the post-mortem lung showed no effects of rVV compared to CV in
five out of six investigations independent of the injury model (Funk et al., 2004; Graham et al., 2011a,b;
Lefevre et al., 1996; McMullen et al., 2006; Mutch et al., 2000b).
Consequently rVV has only limited effects on oedema clearance during ARDS independent of ventil-
ator mode. Comparably, in surfactant depletion model in pigs, alveolar oedema were slightly but signi-
ficantly reduced in variable compared to conventional pressure support ventilation (Spieth et al., 2011,
2012).
Non-Lung Disease Models
Variable controlled mechanical ventilation has also been reported to improve lung function in models
of severe bronchospasm (Mutch et al., 2007), atelectasis (Mutch et al., 2000c) and one-lung ventilation
(McMullen et al., 2006) in porcine. In each of these models rVV increased PaO2 and C while PaCO2
decreased. Additionally, the shunt fraction was reduced through rVV in the one-lung ventilation and
the atelectasis model, dead space was reduced only in the one-lung ventilation model and respiratory
system resistance R only in the asthma model. The results of the study in severe bronchospasm are
of special importance as they show that rVV can improve lung function also in models of secondary
atelectasis and can also reduce R. This can be explained by exceeding of critical opening pressures
that are potentially even higher in this Asthma model than in ARDS models.
Clinical Application of Variable Mechanical Ventilation
Variable ventilation was compared only in a small number of clinical studies to date that are summarised
below.
Variable Controlled Mechanical Ventilation
rVV was first used in a clinical setting by Boker et al. (Boker et al., 2004) in an open-label, random, two-
arm longitudinal perioperative study. 41 patients undergoing abdominal aortic aneurysmectomy were
ventilated either with CV or rVV for six hours during surgery including subsequent recovery. Exclusion
criteria were chronic diseases of the respiratory and cardiovascular system, obesity (body mass index
BMI > 35), previous thoracic surgery, drug abuse or pregnancy. Anaesthesia consisted of propofol,
sufentanil and rocuronium, initiated by intravenous bolus doses and infused continuously with an addi-
tional continuous infusion of 0.06 mg/ml bupivacaine and 30 mug/ml hydromorphone for pain control.
Initially ventilator settings were VT = 10 ml/kg (ideal body weight), respiratory rate of 10 breath/min
2
wet to dry ratio between lung weight after extraction to lung weight after dehydration
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(adjusted to for PaCO2 target range 35 − 45 mmHg), zero positive end-inspiratory pressure, I ∶ E ratio
of 1 ∶ 2 and FIO2 of 0.6. Respiratory mechanics, blood gas and haemodynamics, were monitored,
analysed off-line and compared. A significant group-time interaction through repeated-measures AN-
OVA between both groups was found for PaO2 being increased in rVV at 3, 4 and 5 hours of ther-
apy by approximately 40 mmHg. PaCO2 did not differ between groups as intended by the protocol
but minute ventilation was significantly reduced in the rVV group to accomplish this goal (8.1 ± 1 vs
7.7 ± 1.1 l/min). Dead space ventilation was significantly reduced in rVV compared to CV (group x
time effects). Static compliance was significantly increased in the variability group after three hours
(0.54 ± 0.13 vs 0.62 ± 0.17 ml/cmH2O/kg). This study suggests that rVV is advantageous for lung
function even in healthy lungs during abdominal surgery.
In a pilot cross-over study in eight critically ill patients ventilated for at least 72 h in postsurgical
ICU an improved oxygen index (PaO2 = 7.1 vs. 11.5 cmH2O/mmHg, p = 0.034) and static lung
compliance (C = 0.36 vs. 0.34 mL/cmH2O/kg, p = 0.049) and a decreased dead space (VD/VT = 0.64
vs. 0.68, p = 0.017) during VV compared with CV. PaCO2 did not differ between both modes of
ventilation (Kowalski et al., 2013). Patients had a baseline Horovitz Index of 100−300 mmHg and were
randomly selected to begin with either CV or VV for four hours each. Tidal volume was set to 6 ml/kg
to comply with ARDSnet protocol. Respiratory rate and PEEP remained constant. Unfortunately patient
anamneses as well as methods to obtain static lung compliance were not reported more closely.
Although the first theoretical framework supposed increased benefits of variable ventilation in dam-
aged lungs with large collapsed and recruitable regions, there are no large study population data avail-
able for VV in a clinical setting on ARDS patients.
In a recent clinical investigation during open abdominal surgery in lung healthy subjects with well
recruited lungs (atelectatic lung volume < 5%), variable ventilation with a CoV of thirty percent had
neither positive nor negative effects on respiratory mechanics, gas exchange, haemodynamics nor on
pulmonary or extra-pulmonary post-operative complications in comparison to conventional ventilation
(Spieth et al., 2018).
One clinical two-arm study has been performed at the Boston Medical Centre investigating the ef-
fects of variable ventilation during therapy of acute respiratory failure in comparison to conventional
ventilation. The primary end-points were occurrence of adverse events in the use of variable ventilation
versus conventional ventilation including the loss haemodynamic, respiratory, acid-based and neurolo-
gical stability up to 24 hours after the end of study interval. After having included seven patients, this
device feasibility study was terminated because of slow enrolment (ClinicalTrials-ID: NCT01083277).
Currently, one clinical study is in process on variable controlled mechanical ventilation during therapy
of ARDS (ClinicalTrials-ID: NCT00202098).
Variable Assisted Mechanical Ventilation
In a randomised crossover study performed in 13 ICU patients with acute hypoxemic respiratory failure,
variable pressure support ventilation (PSV) was not associated with adverse events. Compared to tra-
ditional PSV, variable PSV yielded no differences gas exchange, haemodynamics, nor lung mechanics.
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The reported increase of VT variability (24.4 ± 7.8% vs. 13.7 ± 9.1%) during variable PSV was asso-
ciated with an improved patient-ventilator synchrony. The externally increased tidal volume variability
mimics the intrinsic healthy variability more closely than what can be achieved by the patient through
simple on/off triggering during PSV and thus might explain the improved patient-ventilator synchrony
(Spieth et al., 2013b).
Currently, clinical studies on variable PSV during weaning (Kiss et al., 2013), respiratory failure
(ClinicalTrials-ID: NCT02499276 and NCT01580956) and ARDS (NCT00267241) are being conduc-
ted. The results of these investigations will shed further light onto potential applications of this ventilation
strategy.
Potential Application of Variable Ventilation
VV is probably one of the ventilatory strategies that have undergone most extensive testing in animal
models of disease, as well as in small patient series, before being introduced into clinical practice.
Such studies consistently showed that rVV improves lung function, and reduced or did not worsen lung
damage and inflammation compared to non-variable modes. The most promising potential of rVV is
to decrease and avoid the deterioration of the mean driving pressure during mechanical ventilation.
However, the experience with rVV so far is limited to mild and moderate lung injury, as well as relatively
short therapy time. Furthermore, rVV is not commercially available yet, precluding its clinical use.
In contrast to rVV, variable pressure support ventilation is available for clinical use, and preliminary
results in short patient series indicate it may improve patient/ventilator synchrony, even though its ef-
fects on lung function are not as pronounced as those of rVV. Possible clinical applications of variable
pressure support ventilation include:
1. reduction of the inspiratory work of breathing in patients with increased respiratory drive;
2. improvement of patient/ventilator synchrony in the presence of restrictive lung disease;
3. increase of the variability of the respiratory pattern in patients with reduced intrinsic variability;
4. weaning from the mechanical ventilator.
1.1.3 Parameters of Biological Patterns
Artificial and physiological/pathological one-dimensional patterns, as, e.g. tidal volume values during
spontaneous breathing, have different properties that may be quantified using various parameters.
Firstly, the value of expectation holds the value of an expected grant average of a pattern quantified
by µ, e.g. for a VT pattern VT = 6ml/kg.
3 Secondly, the value of uncertainty, for Gaussian distribution
the standard deviation4 σ quantifies the degree of variation of the pattern. The degree of variation
3
This grant average might be alternatively quantified by the median, if no assumption is made concerning the probability
distribution of the pattern.
4






Markstaller et al. (2001) modelled lung aeration, measured by dynamic CT, during inflation and defla-
tion between 0 and 50 cmH2O in an experimental ARDS model in pigs induced by repeated surfactant
lavage (Lachmann et al. (1980), 9 times with isotonic Ringer’s solution) and found that 86 (78..87)%
of recruitable lung area open with a characteristic time constant of τf = 0.5 (0.5..0.6) s whereas the
remaining 14 (13..22)% open with τs = 9.1 (8..16.8)%. Similarly de-recruitment of 94 (84..100)%
unstable lung area occurred within a short time τf = 0.8 (0.5..1.0)s and the remaining 6 (0..16)% with
a characteristic time constant of τs = 26.5 (7.1..34.3)s.
Dynamics of Hypoxic Pulmonary Vasoconstriction
HPVC regulates V/Q˙-matching by redistribution of perfusion towards lung regions with improved vent-
ilation (Sylvester et al., 2012). The dynamics of the transient response of local acute HPVC may be
characterised by a time constant of 151 ± 24.8 s in humans (Morrell et al., 1995) and 120 s in dogs
(Grant & Schneider, 1983).
Dynamics of Surfactant Production and Release
Lung recruitment can be facilitated by surfactant, which is released due to stretch of lung epithelial type
II cells. Its magnitude is related to an instantaneous Ca2+ mobilization decaying with a time constant of
9..13 s (Wirtz & Dobbs, 1990) and simultaneous surfactant secretion with a time constant in the range
of 19.7 s (Haller et al., 1998) to 94.6 s (Majumdar et al., 2012).
Oscillations in Cardiovascular-Respiratory Systems
Low-frequency oscillations consider all fluctuations with main frequencies (well) below the respiratory
frequency and were extensively studied in the context of blood pressure fluctuations in the surge for
mechanisms and therapeutic approaches of hypertension (Guyton et al., 1972a,b). They identified the
following oscillations/processes of blood pressure regulation in the human body and implemented them
into a computer model of the cardiovascular system used for educational purposes today.
Table 1.2 summarises the distinct frequency bands investigated in the literature. In this section, a
brief overview of the different frequency bands and the origin of their oscillation is given.
High Frequency Oscillations
HF oscillations have their origin in the respiratory drive and the mechanics of respiration itself. Thus the
HF frequency band largely corresponds to the respiration rate at rest. During spontaneous inspiration,
a negative intra-thoracic pressure leads to increased venous return and pre-load to the right ventricle
and a decrease in after-load to the left ventricle resulting in summary to a fall in blood pressure and
an increase in heart rate. Conversely, during mechanical ventilation with positive inspiratory pressures
leads to an increase in intra-thoracic pressure and thus to a decrease in venous return and a slight rise
in left-ventricular afterload increasing arterial blood pressure and a subsequent reduction in heart rate
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Table 1.2: Characteristic frequencies in the cardiovascular-respiratory system from (Jackson & Cock-
croft, 2007; Krinke, 2000; Tortora & Derrickson, 2006; Julien, 2006; Malik, 1996; Radaelli
et al., 2006; Stauss, 2007; von Borell et al., 2007)
in Hz Humans Pigs Rats Origin
heart rate in beats per
minute (bpm7) or in Hz
(HR)
0.8..1.5 1..1.5 4.9..6.5 sinu-atrial node
respiratory rate (high fre-
quency (HF))
0.15..0.4 0.07..0.5 1..4 respiratory drive
low frequency (LF) 0.04..0.15 0.01..0.07 0.2..0.6 Sympathetic modulation,
Endothelial-derived NO
very low frequency (VLF) 0.003..0.04 0.003...0.01 0.01..0.2 Renin-angiotensin sys-
tem, Myogenic vascular
function
in the normovolemic state. Consequently the cardiac output increases/decreases in inspiration during
spontaneous breathing / mechanical ventilation.
The amplitude of the HF oscillation of R-R interval varies with the respiratory frequency being highest
during slow-paced breathing with spontaneous tidal volume (Eckberg, 2003) and breathing frequencies
within the frequency range of low-frequency oscillations 0.04 to 0.15 Hz. This increased power of R-R
interval fluctuations at respiratory frequency might be interpreted as resonance from a system point of
view, with respiration in resonance with sympathetic modulation and endothelial-derived NO production
and release. However to which part this resonance is just a phenomenon or indeed a mechanism to
increase the efficiency of gas exchange by, e.g. increasing ventilation-perfusion matching is not clear.
Low Frequency Oscillations
LF oscillations can be seen in blood pressure, heart rate variability and sympathetic nerve activity and
correspond to a centre frequency of about 0.1 Hz (10 s rhythm). Siegmund Mayer, Ewald Hering and
Ludwig Traube (Mayer, 1876) first described these oscillations and were originally called Traube-Hering-
Mayer waves. These fluctuations originate in baroreceptor and chemoreceptor control systems (Julien,
2006) and correlate with sympathetic activity in humans, rats and dogs (Pagani et al., 1986; Stauss,
2007). In the later, it was found that activation of short-term blood pressure control mechanisms by phar-
macological reduction of systemic blood pressure employing nitroglycerin infusion leads to an increase
of fluctuations in the LF frequency band. Interestingly from the respiratory point of view, (Janssen et al.,
1997) reported amplification of LF oscillations in mean arterial pressure and sympathetic nerve activity
during moderate hypoxia in rabbits. (Badra et al., 2001) also showed an increase of LF oscillations at
0.1Hz of the R-R interval and an increase in LF and VLF power in muscle sympathetic nerve activity
measured at the right peroneal nerve, posterior to the fibular head.
The period of total blood volume circulation TCirc corresponds to a frequency fCirc with-in the LF range
22
1.1 Background














with cardiac output (CO) and body weight (BW ) from experiments described in this manuscript and
blood volume to body weight ratio (Vblood ,BW ) from (Talbot & Swenson, 1970).
Very Low Frequency Oscillations
VLF oscillations probably originate in the activity of the renin-angiotensin-system (RAS), catecholam-
ines as well as endothelial-delivered nitric oxide and myogenic vascular function (Stauss, 2007). All
these systems contribute (in)directly to the efficiency of gas exchange either using homoeostasis or
organ perfusion. Notably, the RAS might be significantly affected or play an essential role concern-
ing gas exchange or inflammation and apoptosis. Wo¨sten-van Asperen et al. (2008) showed that
angiotensin-converting enzyme produced angiotensin II mediates VILI in rats. This was confirmed
by Treml et al. (2010) who found improved pulmonary blood flow and oxygenation (65 mmHg, which
is +10 mmHg compared to control after 90 minutes) as well as less pronounced pulmonary hyperten-
sion (after 150 min), reduced inflammation (assessed by TNF-alpha levels decreased after 30 min)
and improved ventilation-perfusion matching in the LPS-induced lung injury in piglets during reduc-
tion of angiotensin II production by administering recombinant ACE2 (Boehm & Nabel, 2002). In hu-
mans and in rats, the blood volume circulation frequency results in fCirc = 0.0167 [0.011...0.023]Hz and
fCirc = 0.037 [0.031...0.046]Hz (Beznak Margaret, 1958; Lee & Blaufox, 1985), respectively (Eq. 1.1)
and thus lies within the VLF range.
1.1.5 Cardiovascular-Respiratory Interaction
Investigation of cardioascular-respiratory interactions (CRI) by analysing beat-to-beat and breath-by-
breath parameters derived from respiratory (e.g. V˙(t) or Paw(t)), cardiac (interval between two normal
heart beats identified by R-peaks in the QRS-complex (Einthoven II lead) (NN)) and vascular signals
(e.g. arterial blood pressure (ABP) and pulmonary arterial blood pressure (PABP)) enables the quan-
tification of the strength of association and causality between these three subsystems integral for res-
piration and homoeostasis. The most important interactions between Paw , NN interval and ABP are
detailed below followed by a tabular overview of techniques to quantify the strength and causality of
those interactions.
Intra-thoracic pressure in CV increases during inspiration and thus arterial and pulmonary arterial
pressure are increased, constituting an increase in left and right ventricular afterload. During expiration,
intra-thoracic pressure declines until PEEP and consequently mean arterial pressure (MAP) decreases.
Simultaneously, the baroreflex mechanism regulates heart rate depending on ABP. An decrease of
NN in response to an increase in ABP is considered as parasympathetic baroreflex, while an increase of












Figure 1.8: Network path of cardiovascular-ventilatory interaction with respiratory sinus arrhythmia
(RSA), and all other investigated edges.
sensitivity is reduced in hypertensive patients and during pre-eclampsia (Malberg et al., 1998, 2007).
RSA describes the change of NN interval during one breath. These interactions potentially have
two origins: Firstly, in ventilation induced intra-thoracic pressure fluctuation directly affecting arterial
pressure and via the baroreflex mechanism also NN; and secondly, the central respiratory drive is
adjusting the respiratory rate and is believed to effect NN-interval simultaneously. During CV without
spontaneous breathing, the former origin shall be dominant (Beda et al., 2012).
Strength and causality of CRI may be studied by a variety of linear or non-linear methods applied in
time or frequency domain that are compared and judged for application in this manuscript in Table 1.3.
Table 1.3: Methods applied for quantification of cardiovascular-pulmonary interactions.
Method Advantages Disadvantages Reference
Dual sequence method
Simplicity
relates only 2 signals
no directionality
Malberg et al. (1998)
RSA
Mutch et al. (2005);




relates only 2 signals
no directionality
Porta et al. (2002)
Autoregressive spectral
modelling





















Faes & Porta (2014);
Montalto et al. (2014)
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1.2 Specific Aims and Hypotheses
The primary goal of this thesis was to characterise of the effects of periodic VT -patterns during periodic
variable controlled ventilation (pVV) in comparison to rVV on gas exchange and lung mechanics and to
elucidate potential underlying mechanisms of pVV.
Specifically the following hypotheses have been tested:
1. pVV provides additional benefits on gas exchange and lung mechanics compared to rVV depend-
ing on the experimental ARDS model.
2. Improved gas exchange during pVV of tidal volume coincides with amplification of CRI.
3. When increasing VT -pattern period until infinity during pVV, there exists a pattern period at which
respiratory system compliance will decrease again compared to rVV.
4. The dynamics of recruitment and de-recruitment of the lung differ in the double-hit model of ARDS
in pigs.
5. The recruitment effects of rVV depend on recruitment / de-recruitment dynamics of the respiratory
system.
6. rVV may prevent deterioration of the respiratory system recruitment state as assessed by respir-
atory system elastance depending on the degree of tidal volume variability.
To test these hypotheses one numerical modelling study was performed in silico
• Numerical Modelling: A computational non-linear model of respiratory system mechanics has
been applied (Hypotheses 3 and 5).
These hypotheses were tested in four experimental studies on three different animal models of ARDS:
• PerioVar: A cross-over study in rats with ARDS induced through intra-tracheal HCl aspiration
(Hypothesis and 1 and 2).
• VariaPer: A longitudinal study in pigs with ARDS induced by saline lung lavage followed by injur-
ious ventilation (double-hit model) (Hypothesis 1 and 3).
• Recruitment and de-recruitment dynamics during double-hit model of ARDS (Hypothesis 4).
• RaVeeR: A longitudinal study in rats in a LPS induced model of ALI in rats (Hypothesis 6).
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2.1 Respiratory System Mechanics
Respiratory system related signals air flow (V˙ ), inspired volume (V ), and airway pressure (Paw ) were
recorded as described in the respective Section Data Acquisition of each study.
Respiratory system parameters, e.g. respiratory system elastance and resistance may be calculated
using the equation of motion, with end-expiratory pressure P0(Carvalho & Zin, 2011):
Paw(t) = R ⋅ V˙(t) + E1 ⋅ V(t) + E2 ⋅ V(t)2 + P0 (2.1)
After flow based respiratory cycle identification and tidal volume VT calculation respiratory mechanical
parameters were derived by fitting the equation of motion (Eqn. 2.1) by multiple regression approach to
the respiratory signals on each cycle, deriving the mechanical parameters: volume-independent respir-
atory system elastance (E1), volume-dependent respiratory system elastance (E2), R of the respiratory
system. Total elastance E of respiratory system was calculated acc. to Eqn. 2.2:
E = E1 + E2 ⋅ VT (2.2)
From E1, E2 and VT the relation between volume dependent/independent elastance was calculated
according to Eqn. 2.3):
%E2 = 100 ⋅
E2 ⋅ VT
E1 + ∣E2∣ ⋅ VT (2.3)
Volume-dependence index of respiratory system elastance (%E2) is an indicator for tidal (re-)recruitment
(%E2 < 0%), tidal hyper-inflation (%E2 > 30%) or tidal volume linear expansion 0% < %E2 < 30%
(Carvalho et al., 2008, 2013).
2.2 Variable Ventilation in Small Animals
Mechanical volume controlled ventilation (VCV) may be performed using various commercially avail-
able piston type ventilators (e.g. Harvard Apparatus Inspira ASVp). However, the variation of VTon a
cycle by cycle basis is not implemented in either of these. Hence an adaptive closed loop controller,
nVentInspira was developed in advance to any small animal studies. In this section, the technical set-up
for measurement of air flow and the developed controller is outlined. A detailed description including
numerical and physical test lung verification may be found in the original publication (Huhle et al., 2014).
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Figure 2.1: Device setup with plethysmographic air flow V˙ measurement and differential pressure air-
way pressure measurement Paw .
adaptive controller
respiratory system




(a) Schematic diagram of the adaptive closed
loop control system.



























(b) Representative tracing after step change of respiratory mech-
anics.
Figure 2.2: Schematic diagram of the adaptive closed loop control system (a) and the performance of
the closed loop control after a step response of airway resistance and elastance (b); with set
tidal volume VT ,s, measured tidal volume VT ,m (filled circle), desired VTVT ,d (open circle), as
their difference ∆VT after step change at ventilator cycle 0 of a developed test lung (cross,
lower panel) and during numerical simulations with identical parameters (diamond, lower
panel); Parameters a and b are the adaptation step factors.
As the Harvard Inspira ASVp ventilator facilitated no internal compliance compensation the controller
developed here had two major functions:
• Ensure accuracy of delivered VT independent of mechanical properties of the respiratory system
being especially critical in small animals and infants (Al-Majed et al., 2004; Bachiller et al., 2008;
Castle et al., 2002; Chow et al., 2002; Silvestri, 2006; Thammanomai et al., 2007);
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• Cycle-by-cycle VT variation.
Airflow V˙ was determined indirectly using a full body plethysmographic chamber (V = 2740ml , Type
853, Harvard Apparatus) in an open chamber configuration with a linear known air flow resistance RV˙
by measuring the pressure difference (DLP 2.5, Type 381, Harvard Apparatus) over RV˙ created by
thorax displacement during ventilation (Figure 2.1).
The principal of operation of the closed loop controller was to evaluate the non-linear relationship
of volume displaced in the piston VT ,s and tidal volume measured by thorax displacement VT ,m in
order to minimize the differences to the desired tidal volume VT ,d (Figure 2.2a). The relation between
VT ,m and VT ,s was assumed to be adequately modelled by a second order polynomial: VT ,s(VT ,m) =
VT ,m + a ⋅ VT ,m + b ⋅ V
2
T ,m.
The closed-loop controller ensured fast convergence on immediate changes of respiratory system
mechanics with adequate speed and accuracy and thus provided the initially intended functions of com-
pliance compensation and cycle-by-cycle VT variation during VCV with constant and variable VT (Figure
2.2b).
2.3 Mathematical Modelling of Recruitment and De-recruitment
Dynamics
Signal time modelling is necessary to determine and quantify the dynamic alterations of a quantity
and thus the dynamic properties of its underlying process. The gold standard for quantification of
recruited and de-recruited lung areas is the CT (Caironi & Gattinoni, 2007; Markstaller et al., 2001) and a
surrogate may be seen in respiratory system compliance C or elastance E (Bates & Irvin, 2002; Caironi
& Gattinoni, 2007; Massa et al., 2008). The approaches to quantify recruitment and de-recruitment
dynamics follow the classical step response quantification known from viscoelastic theory in material
science. A stepwise positive or negative change of pressure (also known as stress) is applied to the
lung and the resulting time-dependent volume of the aerated lung (using CT) or the volume versus time
course (or strain, when using surrogate data) is measured (Figure 2.14).
As tidal ventilation during in-vivo experiments is crucial, a modified approach may be applied as
described in Bates & Irvin (2002): A negative pressure step from an initially high continuous positive
airway pressure (CPAP) level switching to controlled tidal ventilation and using the tidal respiratory
cycle elastance/compliance values for modelling of lung mechanics. The determined characteristic
time constants may be increased when this approach is used, caused by the tidal tension of the lung.
The volume over time response of the lung after a step response may be derived considering a basic
two compartmental lung model (Figure 2.3) consisting of a resistance R and a compliance C where
airway pressure Paw(t), flow V˙(t) = dV(t)dt and volume V(t) are related by the following differential
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equation1:
Paw(t) = R ⋅ V˙(t) + 1
C










Figure 2.3: The circuit representation








Figure 2.4: The bi-exponential circuit representation with the
fast and slow volume decay process after step
response.






s ⋅R + 1
C
(2.5)
with respiratory system compliance C = ∆V
∆P
and respiratory system resistance R. Using Eq. 2.5 the
pressure step response of V(t) may be calculated by
∆V(t) = L −1 (G(s)
s
)∆P = C (1 − e−t/τRC)∆P =∆V (1 − e−t/τRC) (2.6)
with L −1 marking the Laplacian inverse transformation,∆P the amplitude of the pressure step,∆V the
long-term volume change caused by this pressure step and the time constant of relaxation τRC = R ⋅C.
Hence the time course of compliance CR(t)2 after a positive pressure step may be described by
CR(t) = C0 +∆C (1 − e−t/τRC) (2.7)
and if more than one exponential time process is involved, Eq. 2.7 may be generalised to:
CR(t) = C0 + N∑
i=1
∆Ci (1 − e−t/τi) (2.8)
with N being the model order (e.g. N = 2 yielding an bi-exponential model). Fig. 2.4 holds a graphical
representation of the bi-exponential model3 composed of a fast and a slow volume decay process.
1
Eq. 2.4 is commonly referred to as equation of motion
2
CR(t) also known as creep function is dominated by recruitment of the lung
3






In the analysis of CRI the aim was to simultaneously compare the extend of pulmonary-arterial (Paw →
MAP), cardio-pulmonary (Paw → NN [RSA]) as well as cardiovascular (NN → MAP and MAP → NN
[baroreflex]) interactions during pVV with different VT -patterns in the PerioVar study (Section , Figure
1.8).
Thereto the time points of the R-peaks in the normal depolarisation of the left and right ventricle in
ECG (QRS) complexes were used to construct the NN time series of beat-to-beat intervals in milli-
seconds. For the same cardiac cycles, MAP was calculated by means of numerical integration used
to yield the MAP time series. Finally the airway pressure signal Paw(t) was sampled at the time point
of the R peak to construct the corresponding Paw series (Figure 2.7). All three time series thus were
equally but non-uniformly sampled at an average sampling rate that was equal to a heart rate of about
4 to 5Hz.




























































Figure 2.7: Example tracings of electrocardiogram (ECG), ABP and Paw during variable ventilation with
pattern P0.1; values that are extracted from each signal for the TE-analysis based on the
position of QRS are marked as filled circles.
The multivariate transfer entropy approach was chosen for this analysis because it yields an overall
measure independent of specific frequency bands and at the same time constitutes a non-linear method
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with limited assumptions to assess the strength and direction of causality based on an information
theoretical approach (Section 1.1.5, Table 1.3).
In the TE approach the theoretical information theorem of Shannon’s source coding4 is utilised to
quantify the amount of directed information transferred from a source process to a target process.
The Shannon entropy H(X) is the central quantity of information theory and it expresses the amount
of information carried by the process X in terms of average uncertainty:
H(X) = −∑p(x) ⋅ log p(x), (2.11)
where p(x) is the probability for the variable X to take the value x . An extension of the Shannon Entropy
is the Conditional Entropy Hc(X) quantifying the average uncertainty that remains about process Y
when considering process X :
H(Y ∣X) = −∑p(x , y) ⋅ log p(y ∣x), (2.12)
with joint probability p(x , y) of observing simultaneously the values x and y for processes X and Y ;
and the conditional entropy p(y ∣x) of observing y given that x has been observed5.
Shannon and Condition Entropy are both static measures because in Equations 2.11 and 2.12 the
temporal evolution (a.k.a. a sequence of values) of the observed process is not considered or in other
words, processes of identical probability distributions also have the same Shannon and conditional
entropies.
The dynamic evolution of a system may be studied in the information domain by the concept of
transitional probability associated with the evolution of a system X from its infinite6 past states X−n =[Xn−1,Xn−2, ..] to its present state Xn. The transition probability p(yn∣x−n ) measures the probability for
the target process Y to take the value yn, knowing that the state variable of the source process X has
taken the value x−n .
Consequently two additional entropy measures may be defined, namely the self entropy:
SY = H(Yn) −H(Yn∣Y−n ) =∑p(yn, y−n ) ⋅ log p(yn∣y−n )
p(yn) (2.13)
that quantifies average reduction of uncertainty about Yn resulting from the knowledge of Y
−
n ; and the
cross entropy:
CX→Y = H(Yn) −H(Yn∣X−n ) =∑p(yn, x−n ) ⋅ log p(yn∣x−n )
p(yn) (2.14)
quantifying the average reduction of uncertainty about Yn resulting from the knowledge of X
−
n . Now the
TE from process X to process Y (X → Y ) is the amount of uncertainty reduced in future values of Y
4
Shannon’s source coding theorem states that a random signal X of length N with entropy H(X) contains N ⋅ H(X) inform-
ation.
5
Mutual information quantifies the amount of information shared between X and Y , and may be calculated from Shannon
and Conditional Entropy as follows: I(X ;Y) = ∑p(x , y) ⋅ log
p(y ∣x)
p(y)
= H(Y) − H(Y ∣X)
6
In practical considerations a maximal number of past states have to be defined, e.g. Lmax
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when considering past values of X given past values of Y and may be derived from Eqn. 2.13 and 2.14:
TX→Y = H(Yn∣Y−n ) −H(Yn∣X−n ,Y−n ) =∑p(yn, y−n , x−n ) ⋅ log p(yn∣x−n , y−n )
p(yn∣y−n ) . (2.15)
The minimum value TE may take is TEX→Y = 0, when X
−
n does not bring any uncertainty reduction
about Yn additionally to that brought by Y
−
n and its maximum value TEX→Y = H(Yn∣Y−n ) is reached
when the whole uncertainty about Yn that was not already reduced by Y
−
n is reduced by X
−
n .
Equations 2.13 to 2.157 may theoretically be applied only to stationary and discrete processes and
a finite state space of variables Xn and Yn. Nevertheless, non-stationary and continuous valued pro-
cesses may be analyzed using suitable entropy estimators.
The most common entropy estimator used in practical signal analysis is the binning estimator, wherein
the time series based on uniform quantisation and consecutively estimating entropy by approximating
probabilities with the frequency of visitation of the quantised states, e.g. the normalised time series
y(t) is quantised over Q levels of amplitude a = (ymax − ymin)/Q.
For a de-facto continuously valued process as e.g. the NN or the MAP series, so-called state space
reconstruction is necessary to compute Hc (Eqn. 2.12). The most commonly followed approach is
to perform uniform time delay embedding, whereby each scalar process is mapped into trajectories
described by delayed coordinates uniformly spaced in time. For uniform embedding the parameters:
embedding dimension d , embedding time τ and prediction time u have to be introduced. Disadvantages
of uniform embedding are that optimality of the state space reconstruction is not guaranteed, and the
selection of the parameters mentioned above is not straightforward with many competing criteria being
mutually exclusive. Furthermore, uniform embedding exposes the state space reconstruction procedure
to the so-called course of dimensionality, a problem related to the sparsity of available data within state
spaces of increasing volume especially in multivariate time series of limited length8.
The problem of appropriate parameter selection may be limited when using non-uniform embedding in
which all9 possible state space candidates are considered for calculation of Hc and then the candidates
are chosen that retain minimal Hc starting with an embedding vector of length zero increasing the
embedding dimension until a local minimum in Hc is reached. Hence only two parameters are left to
set, namely the number of quantisation levels Q and the maximal number of past values to use Lmax .
Although both parameters are considered to be non-critical in that large variations of in both paramet-
ers result in similar results of computed TE. Consequently Lmax was set for the analysis in this thesis




sampling frequency of fs = 5Hz (average heart rate in rats): Lmax = fs/P005 = 5 ⋅ 20 = 100.
The strategy to set the number of quantization levels Q consisted of two steps: First, Q = 10 was set
following a recommendation from (Faes & Porta, 2014) and average chosen embedding dimension d
7
The bivariate formulations in Eqn. 2.13 to 2.15 may be extended to multivariate systems consisting ofM > 2 (sub)processes.
8
The correction of Eqn. 2.12 for the chosen embedding dimension to counteract the course of dimensionality.
9
One signal of finite length, virtually all past values may be considered. The setting of the maximal number of previous
values considered Lmax is thus only limited by the computational power available.
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2.7 Electrical Impedance Tomography
2.7 Electrical Impedance Tomography
EIT measurement was performed with the Draeger EIT EvolutionKit2 with a sixteen electrode belt
placed at mid-chest circumference. Measurements were done with a frame rate of 20Hz and the
stimulation current had an amplitude of 8µA and a frequency of 100 kHz. The 208 raw voltage values
per frame were used to do a 64 x 64 conductance image reconstruction using EIDORS software (Adler
& Lionheart, 2006). The pig cross-sectional thorax shape largely differs from the human cross-sectional
thorax shape and thus doing custom EIT impedance map reconstruction may be necessary (Grychtol
et al., 2012). However, this has never been investigated in a clinical setting. Creation of a custom finite
elements model (FEM) model of a pig thorax used for solving the inverse problem is described below
as well as the calculation of lung regions in the reconstructed impedance map.
2.7.1 Custom Finite Element Model of the pig thorax
The FEM of the pig thorax (Fig. 2.9b) was reconstructed following the GREIT approach (Adler et al.,
2009) using an end-inspiratory CT image slice (Animal 5 of referenced study, Fig. 2.9a) at the level
of the EIT belt acquired in an large animal study on pigs comparing different modes of mechanical






















(a) CT slice with EIT belt (b) Extruded FEM model
Figure 2.9: The CT slice used for creation of the extruded model with thorax ROI marked white, lung
ROI marked blue, heart ROI marked red and the position of the EIT electrodes marked in
green.
Relative conductance of the model was set for the thorax Cr ,T = 1 consisting of fat, blood, water and
muscle tissue. The relative conductance of the lung was set to Cr ,L = 0.25 and of the heart was set
to Cr ,H = 1 according to conductance values given in the literature
10 (Gabriel et al., 2009; Faes et al.,
1999).
10
The relative conductance of the heart might be increased with respect to the relative conductance of the thorax tissue as it
contains considerably less fat and more blood and muscle tissue.
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2.7.2 Lung Region of Interest in the Electrical Impedance Tomography (EIT) Image
The region of interest for every lung was calculated for each animal from EIT recordings at baseline
prior to induction of injury model using the linear regression of local per pixel impedance changes∆zxy
to global impedance changes ∆Z (Pulletz et al., 2006):
∆zxy(t) = αxy ⋅∆Z(t) + β + ǫ (2.17)
Taking the regression coefficient αxy for each value (x , y) an image may be reconstructed called the
function electrical impedance image (fEIT). Thus a pixel (i , j)was assigned to the lung region of interest,
if the corresponding regression coefficient αxy > 0.2 ⋅ αˆ where αˆ is the maximal regression coefficient
α of that fEIT image.
In this way, an EIT lung mask was calculated comparable to the one shown in Fig. 2.10 for each






















Figure 2.10: Masks of lung region of interest from baseline1 (left), baseline2 (centre) and the final ROI
(right) after fusion with bitwise OR of animal 1.
During the induction of lung injury with repetitive surfactant lavage, the animal had to be rotated
back and forth between prone and supine position, thus possibly causing shifts of the EIT belt position.
The method described above was repeated for the baseline two measurements to account for such
deviation. Both ROIs, from baseline 1 and baseline 2, were merged by simple pixel-wise logical OR to
yield the animal tailored ROI used for further processing.
Subsequently, the lung ROI was further segmented into four regions (ventral, midventral, middorsal
and dorsal) to analyse the ventral-to-dorsal distribution of ventilation, such that each region consisted
of the same number of pixels (Fig. 2.11).
2.7.3 Tidal EIT Image Analysis
Tidal images were constructed using the difference given in Eqn. 2.18:
EITT = EITEI − EITEE (2.18)
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Figure 2.11: Example Sub-ROIs used for regional differentiation in animal 1 with ventral (depicted as
grey level: 35), mid-ventral (70), mid-dorsal (90) and dorsal (100).
Where EITEI is an end-inspiratory and EITEE is an end-expiratory EIT image. The frames corresponding
to end-inspiratory and end-expiratory images were determined as the peak and nadir of the sum of all
voltage values per frame after low-pass filtering to exclude cardiac noise. The end-inspiratory and end-
expiratory frames were checked visually and corrected if necessary. Tidal images were segmented into
ventral to dorsal directions as described above.
2.7.4 Measures of Complexity
Complexity / Homogeneity of tidal EIT images was assessed with measures of texture analysis namely
the grey-level co-occurrence matrices (GLCMs) with an offset (x , y) = (1, 1) (Haralick et al., 1973).
In short, the GLCMC holds the frequency of neighbouring pixel combinations with the relative position
given by (x , y). For the position operator (x , y) = (1, 1) this would yield the following GLCM:
0 0 0 1 2
1 1 0 1 1
2 2 1 0 0
1 1 0 2 0












Using matrix C the parameters of complexity and homogeneity may be derived (Table 2.2).
2.8 Numerical Simulations on Respiratory Mechanics
In this section, the applied model of respiratory mechanics is described in detail along with the simula-
tions performed in the course of this thesis.
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Table 2.2: GLCM derived complexity measures of tidal EIT images.
Parameter Formula Description
Contrast Cn = ∑i ∑j(i − j)2cij Measure of intensity contrast betweenpixel pairs





Uniformity of Energy E = ∑i ∑j g
2
ij
Uniformity of energy distribution, a uni-
form image has E = 1
Homogeneity H = ∑i ∑j
ci ,j
1+∣i−j ∣ Homogeneity if H = 1
2.8.1 Horsfield Model
The Horsfield model consists of 150077 acini, whose tree-like structure and acinar dimensions were
derived from a dog lung (body weight: 25 kg) by (Horsfield et al., 1982). The model was later parallelised
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Figure 2.12: a) Horsfield model schematic consisting of N = 150077 parallel branches. b) Assumed a
global exponential pressure-volume relationship for the model Eqn 2.20.
Global model pressure-volume relationship was modelled according to (Fig. 2.12 b):
V(P) = 1.45 − 1.56 ⋅ e−0.0073⋅P (2.20)
Acinar recruitment and de-recruitment are modelled as stochastic processes governed by a virtual
trajectory X holding the acinar state (1 = open or 0 =closed) depending on the actual state X0 (Bates &
Irvin, 2002) (Figure 2.13):
X = X0 + u ⋅∆t (2.21)
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and the velocity u defined as
u =
⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
SO ⋅ (Ptr − PO) Ptr > PO inflation
SC ⋅ (Pacn − PC) Pacn < PC deflation
0 otherwise
(2.22)
with opening pressure PO ; closing pressure PC ; opening speed SO as well as closing speed SC .
b)a)
X = X0 + u ⋅∆t
X = 0
Ptr > PO









Figure 2.13: Acinar recruitment/de-recruitment dynamics are implemented as stochastic processes
governed by a trajectory X as described by (Bates & Irvin, 2002; Massa et al., 2008).
This model has been extensively used in literature for a variety of purposes and model output has
been fitted to respiratory signals to determine model parameters and their relation with diseases (Table
2.4). From these values it may be derived that:
• PO but not PC increased with injury, meaning that injured lungs were harder to recruit than healthy
lungs.
• SO and SC increased with injury meaning that both recruitment and de-recruitment happened
more frequently during injury.
Opening speed SO and closing speed SC and their ratio may be estimated by evaluation of recruit-
ment / de-recruitment dynamics (R/D) using computed tomography and respiratory system mechanics
(Section 1.1.4, Section 2.9.1 and Section 2.3, Table 2.3).
Table 2.3: Recruitment and de-recruitment dynamics in different models of ARDS quantified by the time
constant τ of exponential models for recruitment and de-recruitment time course, their ratio










Saline lavage 1.8 20.0 1/10 10 (Neumann et al., 1998)
Oleic acid 0.8 2.5 1/3 3 (Massa et al., 2008)
ET LPS 0.7 4.5 1/6.5 6.5 (Neumann et al., 1998)
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Distributions for the model parameters PO and PC were assumed to be of Gaussian distribution (Ma
& Bates, 2010; Massa et al., 2008; Ma et al., 2011), multi-modal Gaussian like distributions (Smith
et al., 2015; Smith & Bates, 2015) depending on the lung injury or uniform distribution (Amini et al.,
2016, 2012). However no comparison is available showing advantages and disadvantages of either
approach.





PO in cmH2O PC in cmH2O
Distribution
Distr. Param. Distr. Param.
Massa et al. (2008)
none 4 4.5 0 4.5 Gaussian
HCl 6.5 2.5 3 2.5 Gaussian
Ma et al. (2011) 9 3 0...3 3 Gaussian
Ma & Bates (2010)
none 4 3 0 0 Gaussian
HCl 4-7 3 0...3 3 Gaussian
Smith et al. (2015)
none
4.39 2.15 0.77 2.15 Gaussian
16 30 16 30 Uniform
lav. & surfact
15.42 5.6 2.65 5.6 Gaussian







Distr. Param. Distr. Param.
Massa et al. (2008)
none 0.03 +∞ 0.005 +∞ hyperbolic
HCl 0.04 +∞ 0.004 +∞ hyperbolic
Ma et al. (2011) 0 0.11 0 0.011 uniform
Ma & Bates (2010)
none 0.04 +∞ 0.004 +∞ hyperbolic
HCl 0.04 +∞ 0.004 +∞ hyperbolic















For the purpose of complexity reduction the four model parameters defined in equations 2.21 and
2.22 were reduced to two parameters in this study:





Large values describe a slow closing even if acinar pressure is lower than critical closing pressure.
2. ∆P = PO − PC , offset between acinar opening PO and closing PC pressure (∆P).
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For the purpose of this investigation, PO was distributed uniformly in the range of 3 to 23 cmH2O.
Closing pressure PC was set as PC = PO−∆P and∆P took values of 0, 3, 6, 9 and 12 cmH2O. Opening
speed was distributed hyperbolically [0.04...+∞] and closing speeds were defined as SC = SO/FSOSC .
The asymmetry factor of opening and closing speeds FSOSC took values of 1, 2, 3, 4, 6, 9, 13, 20, 30 and
50.
2.8.2 Simulations
Pressure controlled ventilation was simulated with an I ∶ E = 1 ∶ 1, driving airway pressure during
inspiration Pdrive = PIP − PEEP = 10 cmH2O and a respiratory rate of 30bpm. Sampling frequency for
the model was fs = 100Hz (time increment ∆t = 10ms).
Primary end-point of all simulation experiments was the models’ global respiratory system compli-
ance C and resistance R.
Model Parameters and Optimal Positive End-expiratory Pressure
The first set of simulations was performed to investigate the effects of both input parameters FSOSC =
1, 2, 3, 4, 6, 9, 13, 20, 30, 50 and ∆P = 0, 3, 6, 9, 12 cmH2O on the optimal positive end-expiratory pres-
sure as determined by model compliance C. To investigate this, simulations with each combination of
model parameters were repeated for the PEEP levels 2, 6, 10, 14, 18, 22, 26, 30, 34, 38, 42. To relate the
parameters governing recruitment / de-recruitment dynamics in this model with global de-recruitment
dynamics visible at the airway opening, the time course of model compliance during the de-recruitment
interval (100 respiratory cycles) from a fully recruited model was fitted using an uni-modal exponential
equation:
C(t) = C0 +C1 ⋅ e− 1τD t (2.24)
Details of this modelling are described in Section 2.3.
Conventional vs. Variable Ventilation
The aim of this investigation was to investigate at which PEEP levels and model parameters (see 2.8.2)
the variation of peak inspiratory airway pressure (PIP) is maximised. 100 cycles were simulated of
which the first 20 cycles were not considered in the analysis to exclude initial transients. The degree of
variation of PIP is quantified by CoV. Simulations were repeated for CV = 0, 7.5, 15, 22.5, 30, 37.5, 45%.
Simulations for each parameter combination were repeated 10 times to account for random effects.
After the first set of experiments, another set of experiments was performed varying ∆P as given in
Sec. 2.8.2 and FSOSC in the range between 1 and 4 to determine the ratio between the opening and
closing speeds that maximises PEEP at a coefficient of variation of CV = 30%.
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Effects of Periodicity
It is crucial to delineate the effects of VT -pattern period from the effects of the distribution of the VT -
pattern. Therefore, the patterns were generated based on a Gaussian pattern, that was divided into N
2
sections which were then cycled through to generate pattern PN , as described in Section 2.9.4, Figure
2.18. In this way the VT - patterns with periods 2,4,6,8,10,14,18,22,26,30 and 32 were generated having















The coefficient of variation selected for all simulations in the investigation was CV = 30%. Model
parameters were varied as described in Section 2.8.2. Of the 100 respiratory cycles simulated only the
last 100 − ⌊100−20
N
⌋ ⋅N cycles were used for this analysis to include full periods.
2.8.3 Statistical Analysis
Each simulation involving variable ventilation was repeated 10 times to account for random effects of
the sequence. The significance of differences between constant and variable ventilation, or between
periodic and random VT -patterns were assessed using one sample Wilcoxon rank sum test for each
set of model parameters. Statistical analysis was performed using R Statistical programming language
and significance was accepted at P ≤ 0.05 (R Core Team, 2018).
2.9 Experimental Studies in Models of ARDS
Four different (sub-)studies on experimental models of ARDS were performed in the context of this
manuscript whose details are described below.
2.9.1 Dynamics of Recruitment and De-recruitment in Pigs
The primary end-point of this study was the time course of C during recruitment and de-recruitment
manoeuvres and specifically the characteristic time constants τR and τD derived during recruitment
and de-recruitment.
As an explorative study the primary objectives were
• Confirm asymmetry between recruitment and de-recruitment dynamics in the double-hit model of
ARDS
• Determine the values for recruitment and de-recruitment time constants in this model of ARDS.
Recruitment and de-recruitment dynamics in the double-hit ARDS model were investigated in thirteen
juvenile pigs (Deutsche Landrasse, body weight: 34.8 ± 3.8 kg) by mathematical modelling of the time
course of compliance (Section 2.3) using the signals that were acquired as described below.
This study was a sub-study of an experimental study on variable ventilation over 24h in pigs (Gov-
ernmental animal care committee number: 24-9168.11-1/2013-53, Landesdirektion Dresden, Dresden,
Germany).
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Anaesthesia and Surgical Preparation
Animals were pre-medicated intramuscularly with 1mg/kg Midazolam (Hameln pharma plus GmbH,
Hameln, Germany), 10mg/kg Ketamin (Inresa, Freiburg, Germany) and 0.05mg/kg Atropin (Braun,
Melsungen, Germany). A three-channel ECG was placed according to Einthoven and a plethysmo-
graphic SpO2 sensor attached to the tail for supervision of vital function.
An indwelling cannula (18G, Braun, Melsungen AG, Melsungen, Germany) was placed in an ear
vane. For intubation anaesthesia was deepened (5–15mg/kg Ketamin and 0.3 − 1mg/kg Midazolam)
that the animal tolerated laryngoscopy under local anaesthesia (Xylocaine 2%, Astra Zeneca, Wedel,
Germany). After identification of the vocal cords and repeated local anaesthesia the animal was intub-
ated with a conventional Magill tube (ID8.0, Ru¨sch, Teleflex Medical, Kamunting, Malaysia). Relaxa-
tion with 3mg/kg Atracurium (Hameln pharma plus GmbH, Hameln, Germany) and volume-controlled,
lung-protective ventilation (Evita XL, Dra¨ger Medical AG, Lu¨beck, Germany) were initiated.
Following intubation, a stomach tube was inserted up to 70 cm from the row of teeth and connected to
a collection bag. During subsequent preparation and throughout the experiment, anaesthesia (Ketamin
10 − 15mg/kg/h), Midazolam (0.7–1.2mg/kg/h) and Atracurium 3mg/kg/h) was maintained via a
perfusor (Alaris medical systems, San Diego, CA, USA).
Via an infusion machine (Arcomed AG, Switzerland), crystalloid full electrolyte solution (E153, Ser-
umwerk Bernburg AG, Bernburg, Germany) was continuously added as a carrier solution for drugs
and for volume replacement. The flow rate was 10ml/kg/h up to randomization and 4ml/kg/h there-
after. MAP was maintained in the range of 60 to 90mmHg using 250ml boli of 6% Hydroxyethyl Gel
(Fresenius SE & Co. KGaA, Bad Homburg, Germany) and noradrenaline (Sanofi, Frankfurt a. M.,
Germany).
Body temperature was maintained with a conventional survival blanket at 38 − 39 ○C, and a HR of
60 − 120bpm, as well as renal excretion of > 0.5ml/kg/h, was targeted during the experiment.
Induction of ARDS
Experimental ARDS was induced with a double-hit model consisting of surfactant depletion with eight
repetitive isotonic (0.9%) saline lung lavage alternating in prone and supine position followed by injur-
ious ventilation with high VT (VT = 20ml/kg, peak Paw = 60 cmH2O) for one hour. If ratio between
PaO2 and FIO2 (PaO2/FIO2-ratio) was > 100mmHg after 30 minutes, VILI was prolonged for another
15 minutes until PaO2/FIO2 < 100mmHg for 30 minutes.
Sequence of Procedure
After completion of VILI the animals were ventilated with a CPAP of 40 cmH2O for 30 s after a 2min
stabilization interval (cmp. Section 2.3 and Fig. 2.14). Subsequently the ventilator was switched to
VCV with VT = 6ml/kg, PEEP = 12 cmH2O, FIO2 = 70%, fRR = 35bpm and I ∶ E = 1 ∶ 1.
Airway pressure and airway flow were recorded up to 10min and lung mechanics were calculated
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2.9.2 Random Variable Ventilation and Elastance in Experimental ARDS in Rats:
RaVeeR
The main hypothesis of this study was that variable volume controlled ventilation may prevent, depend-
ing on CoV, the de-recruitment in an experimental LPS model. Primary end-point of this investigation
was E as a surrogate of recruitment status of the lung. The acronym was derived from “Random
Variability ventilation and estance in experimental ARDS in rats”.
The study protocol was approved by the Animal Care Committee of the Health Sciences Centre,
Federal University of Rio de Janeiro, Brazil. All animals received humane care in compliance with the
Principles of Laboratory Animal Care formulated by the National Society for Medical Research and the
U.S. National Academy of Sciences Guide for the Care and Use of Laboratory Animals. Animals were
kept under controlled temperature (23 ○C) and light/dark cycle (12/12h) with free access to water and
food.
Induction of Anaesthesia and Acute Lung Inflammation
Thirty-five specific-pathogen-free adult male Wistar rats (body weight 347 ± 24g) were anaesthetised
by inhalation of sevoflurane (Sevorane, Crista´lia, Itapira, SP, Brazil), and acute lung inflammation was
induced by intra-tracheal instillation of 800µg Escherichia coli lipopolysaccharide (LPS) (LPS, O55:B5,
Sigma Chemical Co., St. Louis, MO, USA), suspended in saline solution to a total volume of 200µl .
Animals were then awoken from anaesthesia and observed for a 24-h interval. Following that, animals
were pre-medicated intra-peritoneally (i.p.) with 10mg ⋅kg−1 diazepam (Compaz, Crista´lia), 50mg ⋅kg−1
ketamine (Ketamin-S+, Crista´lia), and 2mg ⋅ kg−1 midazolam (Dormicum, Unia˜o Quı´mica, Sa˜o Paulo,
SP, Brazil). An intravenous catheter (Jelco 24G, BD, New Jersey, USA) was inserted into the tail vein
for continuous infusion of 2mg/kg/h midazolam, 50mg/kg/h ketamine, and 7ml/kg/h Ringer’s lactate
(B. Braun, Rio de Janeiro, Brazil).
Sequence of Procedure
Anaesthetised animals were kept in dorsal recumbency and tracheotomised via a midline neck incision.
Seven animals were not ventilated (NV). These were used as a control group for diffuse alveolar damage
and molecular biology analysis.
In the remaining 28 animals, a polyethylene catheter (PE-50) was introduced into the right internal
carotid artery for blood sampling and MAP measurement. HR, MAP, and rectal temperature were con-
tinuously recorded (Networked Multi-parameter Veterinary Monitor LifeWindow 6000V, Digicare Animal
Health, Florida, USA). Body temperature was maintained at 37.5±1 ○C using a heating plate. To main-
tain MAP > 60mmHg, 1ml boluses of Ringer’s lactate solution (B. Braun) were given intravenously to
a maximum volume of 5ml . If further volume loading was necessary, Gelafundin (B. Braun) was ad-
ministered in 0.5ml increments. Neuromuscular blockade was then induced with pancuronium bromide
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(Pancuron, Crista´lia, Itapira, Sao Paulo, Brazil) given intravenously (0.4mg), followed by 0.4mg intra-
muscularly.
preparation controlled mechanical ventilation





baseline 1 baseline 2 30 min 60 min 90 min
Figure 2.15: Timeline representation of the experimental protocol for the RaVeeRstudy; with positive
end-expiratory pressure (PEEP ); tidal volume (VT ). Following preparation, 30 minutes of
recruitment by means of variable ventilation (coefficient of variation 30%) were performed.
After randomization, study therapy lasted 90 minutes. Measurements were obtained every
30 minutes.
The animals were mechanically ventilated (Inspira, Harvard Apparatus, Holliston, Massachusetts,
USA) in VCV with: VT = 6ml/kg, respiratory rate adjusted to a PaCO2 target of 35 to 45mmHg, inspir-
atory to expiratory ratio (I:E) ratio = 1 ∶ 2, fraction of inspired oxygen (FIO2) = 0.4, and PEEP = 4 cmH2O
(Figure 2.15). After a 5-minute stabilization interval, arterial blood gases were measured and respirat-
ory mechanics recorded (baseline 1). To recruit the lungs, the VT variability level was set at 30% and
maintained for 30 min using an external controller for the mechanical ventilator, as described in Section
2.2. During variable ventilation, VT varied on a breath-to-breath basis using a self-looping sequence of
randomly generated VT values (n = 600, mean VT = 6ml/kg, normal distribution). During 30 minutes of
recruitment, lung mechanics variables were continuously recorded (recruitment). Values for the whole
recruitment interval were averaged and thus contained a few non-recruited and a majority of recruited
lung ventilation cycles. Following the recruitment interval, arterial blood gases and respiratory system
mechanics were measured (baseline 2).
Animals were randomly assigned to mechanical ventilation with one out of four levels of VT variability
(n = 7 per group), using closed sealed envelopes: 1) CoV = 30% (WN30); 2) CoV = 15% (WN15); 3)
CoV = 7.5% (WN7.5); and 4) CoV = 0%
11 (CV ). Arterial blood gases and respiratory system mechanics
were assessed every 30 minutes for a total time of 90 minutes. The mean VT in all groups was 6ml/kg,
and other ventilator settings were kept unchanged. Finally, animals were killed by intravenous injection
of 25mg sodium thiopental (Crista´lia, Itapira, SP, Brazil), and 1ml potassium chloride 1M.
11
Variable ventilation with a CoV = 0% is identical to conventional non-variable ventilation
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Data Acquisition
Blood gas analysis (BGA) was performed using the ABL80 FLEX (Radiometer Medical, Brønshøj, Den-
mark). V˙ and Paw were continuously recorded throughout the experiments in a computer running cus-
tom software (Section 2.2) written in LabVIEW (National Instruments, Austin, Texas, USA). All signals
were filtered (30Hz), amplified in a four-channel signal conditioner (SC-24, SCIREQ, Montreal, Que-
bec, Canada), and sampled at 1000Hz with the 12-bit analogue-to-digital converter NI-6210 (National
Instruments, Austin, Texas, USA). VTwas calculated by digital integration of the V˙ signal. Respiratory
variables were computed from the last 10 minutes of recordings preceding measurement time points as
described in Section 2.1.
Determination of Recruitment Dynamics during Variable Ventilation
The time constant and change of compliance in this experimental model were determined as described
in Sections 1.1.4, 2.9.1 and 2.3 by fitting an one-exponential model to the first 200 seconds of cycle-
by-cycle elastance during recruitment with variable VCV with CoV = 30%. Raw values were averaged
using a moving average filtered to account for the noise in the signal due to variable ventilation. Only a
mono-exponential model was used because of the noise in the E cycle by cycle values due to variable
ventilation (cmp. Section 2.3).
Statistical Analysis
The effects of recruitment on gas exchange and lung mechanics were assessed by paired t-tests
between the baseline and start time points. Comparisons among groups after randomisation were
conducted using a general linear model using start as a covariate, and multiple comparisons adjusted
according to Sˇida´k.
Sample Size Calculation
The number of animals per group did not follow formal sample size calculation, and was based on
prior experience of our laboratory with the LPS instillation model of ALI, as well as on unpublished data
showing that E improves by approximately 40±10% with a 30% level of VT variability in this model. We
expected a similar behaviour for the deterioration of E when reducing the level of variability.
2.9.3 Cross-over Study in Rats: PerioVar
Main hypothesis of this study was that pVV may improve oxygenation compared to CV and rVV through
enhanced CRI. The primary end-point was arterial oxygenation as measured by PaO2. This study has
the acronym “Periodicity in Variable ventilation (PerioVar)”.
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Study Design
The Animal Care Committee of the State of Saxony (Landesdirektion Dresden, Dresden, Germany)
approved all animal procedures within this study in accordance to federal law (24-9168.11-1/2014-4).
The study was performed in cross-over design according to a 4x4 Latin squares design balanced for
1st order carry-over effects (Table 2.5) with blocking factors sequence (s = 1...4) and time point t = 1..4.
The main effect to test for thus was therapy with one of the described patterns (P0.05, P0.1, P0.4 and
WN).
Table 2.5: Chosen Latin-Square design matrix with periodic VT -patterns (P0.05, P0.1, WNand P0.4) and
blocking factors sequence s = 1..4 and time t = t1, t2, ..., t4.
time t
sequence s t1 t2 t3 t4
1 P0.05 P0.1 WN P0.4
2 P0.4 WN P0.1 P0.05
3 WN P0.05 P0.4 P0.1
4 P0.1 P0.4 P0.05 WN
Sequences s = 1 and s = 2 were selected such that the main VT frequency is increasing / decreasing
with time point t , respectively. Sequences s = 3 and s = 4 were generated randomly to yield an Latin
squares block design.
Animal Characteristics and Experimental Conditions
After protocol approval by institutional and governmental regulatory bodies, experiments were per-
formed in male Wistar rats (mean body weight at the day of experiments: 321g; range: 260..390g,
mean age: 50d ; range: 45..65d). Animals were bought at Janvier Laboratories, France. A total of 16
animals were included in this study. The animals were housed in groups of five in a constant temper-
ature environment under a 12h/12h light/dark cycle and had free access to standard laboratory rodent
food and water until the beginning of experiments. All experiments were performed by the Pulmonary
Engineering Group on a small animal bench in the rooms of the animal experimental centre of the Uni-
versity Hospital Carl Gustav Carus, TU Dresden. Experiments always started at 8:00 in the morning, to
eliminate potential circadian influences,
Anaesthesia and Surgical Preparation
After weighing the animal, it was placed in an acrylic glass chamber for induction of anaesthesia. Anaes-
thesia was induced by filling the chamber with Sevoflurane 5% in 100% oxygen at a flow rate of 2 l/min.
When the animal had lost its righting reflex, it was removed from the chamber and placed on a heating
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pad for the placement of a peripheral venous catheter in the tail vein. Sevoflurane concentration was re-
duced to 3% and anaesthesia was continued via nose cone during cannulation. After the establishment
of venous access, anaesthesia was maintained by continuous intravenous infusion of 100mg/kg/h ket-
amine and 1mg/kg/h midazolam in 7.5ml/kg/h isotonic electrolyte solution to maintain a physiologic
fluid balance while providing save anaesthesia and analgesia. Under aseptic conditions, a polyethylene
catheter was inserted in the right common carotid artery for continuous blood pressure measurement,
blood sampling and fluid management. A tracheostomy was performed, and a tracheal cannula (14G)
inserted. Another catheter was inserted in the oesophagus for calculation of transpulmonary pressure.
The ECG needle electrodes were inserted in the front paws and the left hind paw. After completion of
preparation, the animal was placed in a plethysmographic chamber. A temperature probe was inserted
rectally, and body temperature was maintained at 37.5 ○C via a closed loop system.
Table 2.6: Ventilator settings for each of the therapy time points with variable volume controlled ventila-
tion (vVCV) being either WN, P0.4, P0.1 or P0.05
VCV vVCV
mean VT in ml/kg 6
CV(VT ) in % 0 30
fR in min
−1 80
PEEP in cmH2O 5
FIO2 in arb. un. 0.35
Induction of ARDS
ARDS was induced by intratracheal instillation of 1.2ml/kg HCl with pH = 0.89. The resulting acute
respiratory distress is characterised by inflammation mediated through neutrophil, haemorrhage and
oedema causing an acute increase of respiratory system resistance and respiratory system elastance
with resulting peak airway pressure increase and a decrease of functional residual capacity through
atelectasis. In the pulmonary arterial system, an increase of vascular resistance and pulmonary artery
blood pressure results in redistribution of ventilation and perfusion with amplified shunt fraction and
dead space volume (Matute-Bello et al., 2008).
Sequence of Procedure
The sequence of procedure of the study is depicted in Figure 2.16.
After induction of ARDS, the animals were randomised to one of the pattern sequences. Block-wise
randomisation was performed by the lot. Size of each randomisation block was four, so each sequence
of variability patterns occurred four times in total during the study. For technical reasons, intraoperative
blinding was not feasible.
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Figure 2.16: Sequence of procedure of the cross-over study comparing the four described patterns
of variability in rats according to a four-by-four Latin squares design; dark bars indicate
the time intervals of respiratory signal recording and instances of blood-gas analysis are
marked by BGA.
As soon as the animal was connected to the ventilator, mechanical ventilation was initiated. A small
animal ventilator (Havard Apparatus Inspira ASV) was remote-controlled via a developed controller
software running (as in Section 2.2 below). The ventilator settings for CV and therapy are shown in
Table 2.6.
Continuous intravenous infusion of 5mg/kg/h Atracurium via three-way valve was started to sup-
press spontaneous breathing. To recruit atelectasis that might have developed during preparation,
PEEPwas increased to 15 cmH2O for ten respiratory cycles. Baseline values were acquired under
volume-controlled ventilation. Afterwards, an experimental lung injury was induced by intra-tracheal
instillation of 1.2ml/kg hydrochloric acid (pH = 0.89). The animal was randomised to one of the pattern
sequences. After stabilisation and acquisition of Injury values, the therapy time began. To additionally
prevent carry-over effects from previous ventilation modes, at the beginning of a new block the animal
was disconnected from the ventilator for three seconds to allow lungs to collapse, followed by 30min of
CV and 60min of therapy with variable tidal volume-controlled ventilation with four distinct patterns de-
scribed above (Section 2.9.3). Lung mechanics and blood gases were recorded in the end of each CV
(BGApre-therapy) and therapy block (BGApost-therapy). After completion of all four therapy blocks, anaes-
thesia was deepened, ventilation discontinued, and a static pressure-volume curve acquired according
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Table 2.7: Characteristic properties of patterns used for variable VT controlled ventilation.
WN P0.4 P0.1 P0.05
Mean VT (ml/kg) 6 6 6 6
CoV of VT (%) 30 30 30 30
VT -pattern period (resp. cycles) 4 3 12 26
CoV of VT -pattern period (%) 55 19 19 19
Peak PSD Frequency (Hz) − 0.4 0.1 0.05
Peak PSD, ((ml/kg)2/Hz) − 32.0 71.1 142.2
SampEn (none) 2.2 1.18 0.61 0.51
Haemodynamic Signals
Arterial pressure was measured with a pressure transducer (Harvard Apparatus APT300, Harvard Ap-
paratus, Holliston, Massachusetts, USA) and recorded continuously (sampling frequency of 2000Hz)
using a data acquisition card (NI USB-6210, National Instruments, Austin, Texas, USA) connected to
a personal computer running a custom acquisition software (Huhle et al., 2014). MAP was calculated,
central venous pressure (CVP) and pulmonary capillary wedge pressure (PCWP) were measured at
each measurement point using a standard monitoring system (IntelliVue Patient Monitor MP 50 Philips,
Bo¨blingen, Germany).
Einthoven II lead of ECG was measured using a Hugo Sachs ECG Amplifier Module (Hugo Sachs
Elektronic-Harvard Apparatus GmbH, March-Hugstetten, Germany) and recorded as described for ar-
terial pressure above.
Respiratory Signals
V˙ and Paw were measured using the differential pressure sensors DLP 2.5 Type 381 and DPT Type
399 (Harvard Apparatus, Holliston, Massechussets, USA). Analogue signals were digitalised with a
data acquisition card (NI-6210, National Instruments, Austin, Texas, USA) and stored for offline analysis
using a custom-made software (Huhle et al., 2014) written in LabVIEW (National Instruments, Austin,
Texas, USA).
Statistical Analysis
Therapy effects of the cross-over Latin-squares study were assessed using a three-factorial analysis
of variance (ANOVA) corrected for repeated measures with between experiment factor Latin Squares
sequence and with-in experiment factors therapy pattern and time. Post-hoc analysis was performed
according to Sˇida´ks method.
Comparison between Latin-squares sequence for baseline and injury were performed using one-way
ANOVA with post-hoc comparison according to Sˇida´k.
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Sample Size Calculation
The primary outcome variable was PaO2/FIO2-ratio after at the end of a one-hour therapy block. Sec-
ondary outcome variables were parameters of respiratory system mechanics and haemodynamics.
Sample size calculation was estimated based on PaO2/FIO2-ratio of earlier studies. We assumed a
smallest average between group difference as µ∆ = 56.2mmHg with with-in group standard deviation







For multiple comparisons, during the pairwise comparison of therapy groups, the p-value was adjus-
ted using the method of Bonferroni. The adjusted level of significance resulted in α∗ = 0.05
6
= 0.0083.
With the presented considerations a necessary sample size of N = 14 animals resulted. Thus N = 16
animals were selected to fulfil the requirements of a complete Latin Squares block design. Addi-
tionally four animals were planed as loss compensation. Sample size calculation was done using R
(R Core Team, 2018) using the package pwr (Champely, 2015).
2.9.4 Longitudinal Study in Pigs: VariaPer
The original hypothesis of the pre-clinical study was that pVV might improve oxygenation compared to
CV and rVV. The primary end-point was arterial oxygenation as measured by PaO2. The investigation
was planned and conducted as a randomised four-arm longitudinal study. The Animal Care Committee
of the State of Saxony, Dresden, Germany, (Landesdirektion Dresden, Dresden, Germany) approved
all animal procedures in accordance to federal law (24-9168.11-1/2011-22).
Anaesthesia and Initial Ventilator Settings
In total, 40 female pigs with mean body weight of 40.4 kg (29.9..50.5 kg, German landrace) were invest-
igated. Animals were pre-medicated intramuscularly with 10mg/kg ketamine (Ketamin, Ratiopharm,
Ulm, Germany) and 1mg/kg midazolam (Midazolam, Ratiopharm, Ulm, Germany), and had the trachea
intubated with a cuffed endotracheal tube (inner diameter: 8.0mm). Initially, mechanical ventilation
(Evita XL, Dra¨ger Medical, Lu¨beck, Germany) was performed in volume-controlled mode with the fol-
lowing settings: FIO2 = 1.0, VT = 10ml/kg, PEEP = 5 cmH2O, inspiratory to expiratory time ratio (I:E)
= 1 ∶ 1 and RR to keep PaCO2 in the range of 35 − 45mmHg.
Anaesthesia was maintained by means of continuous intravenous infusion of midazolam (1 − 2mg ⋅
kg−1 ⋅h−1) and ketamine (10−20mg ⋅kg−1 ⋅h−1). Muscle paralysis was achieved by continuous adminis-
tration of atracurium (1...2mg ⋅kg−1 ⋅h−1), whereas the volume status was maintained with a continuous
infusion of Ringer’s acetate (RA-RingerAcetat-Lo¨sung Bernburg, Serumwerk Bernburg AG, Bernburg,
Germany) at 10ml ⋅ kg−1 ⋅ h−1. The external jugular vein and internal carotid artery were cannulated
with 8.5 Fr. sheaths. The arterial line was used for continuous blood pressure measurements and blood
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sampling. A pulmonary artery catheter (Opticath, Abbott, Abbott Park, Chicago, IL, USA) was advanced
through the venous sheath into the pulmonary artery for continuous measurement of pulmonary arter-
ial blood pressure, mixed venous blood sampling and cardiac output measurements. During the whole
experiments, animals were kept supine.
Induction of ARDS
Experimental ARDS was induced using a double-hit model combining lung lavage with and mechanical
ventilation with high VT , VILI (Silva et al., 2013). Briefly, multiple lavages with warmed physiological
saline solution was performed until PaO2/FIO2 fell below 200mmHg and remained stable at this level
for ≥ 30min (1st hit). Following that, VILI was performed with the following settings: driving pressure
of 60 cmH2O, PEEP = 0 cmH2O, fRR = 10min
−1, for five minutes (2nd hit). Lung injury was considered
stable, when PaO2 did not increase within 15 minutes.
Sequence of Procedure
Measurements of gas exchange, haemodynamics, respiratory variables and distribution of ventilation
were performed after instrumentation (Baseline 1) and induction of lung injury (Injury). Protective mech-
anical ventilation was then initiated in volume controlled ventilation mode with the following settings:
VT = 6mL/kg, PEEP = 12 cmH2O, I ∶ E = 1 ∶ 1, RR≤ 35min−1 titrated to maintain pHa > 7.30 and
FIO2 = 0.7. After a stabilization interval of 30 minutes, measurements were repeated (Baseline 2).
Following that, animals were randomly assigned to one of the following mechanical ventilation: 1) non-
variable VT (CV ); 2) random variable white noise pattern VT (WN); 3) variable periodic VT -pattern with
a periodic recurrence of 4 respiratory cycles (P04); and 4) variable periodic VT -pattern with a periodic
recurrence of 10 respiratory cycles (P10). Other ventilator settings were kept constant in all groups, and
animals ventilated for 6 hours, with measurements performed every hour (Times 1 to 6).
Tidal Volume Patterns during Variable Ventilation
The VT patterns for this study were generated with the intention to gain different periodic VT -patterns
with identical probability distribution function (PDF) (see Section 1.1.2). Thereto a random Gaussian
distributed (N = 600 cycles) pattern WN with mean VT = 6ml/kg and CVVT = 30% was resorted by
a simple algorithm (Figure 2.18) to gain two further patterns with a periodicity of 4 or 10 respiratory
cycles, P04 and P10, respectively (Figure 2.19).
The signal properties of the respective patterns are summarised in Table 2.8. All four patterns have
the same mean VT and coefficient of variation of VT but differed in complexity (Sample Entropy) as well
as peak PSD and peak PSD frequency. The main frequencies for P04 and P10 were selected to coincide
at a mean respiratory rate of 30bpm with the dynamics of known respiratory sub-systems (Section 1.1.4
and Section 1.1.4, respectively).
Variable VT -ventilation was performed using the Draeger EvitaXL ventilator remotely controlled by a
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Table 2.8: Characteristic properties of the patterns used for variable volume controlled ventilation.
CV WN P0.4 P10
Mean VT (ml/kg) 6 6 6 6
CoV of VT (%) 0 30 30 30
VT -pattern period (resp. cycles) − 4.2 4 10
CoV of VT -pattern period (%) − 48 0 7
Peak PSD Frequency (Hz) − − 0.13 0.05
Peak PSD, ((ml/kg)2/Hz) − − 2410 3335
SampEn (arb. un.) 0 2.2 1.7 0.9
Peak PSD Frequency is the frequency at global maximum in the PSD denoted by Peak PSD assuming an res-
piratory rate of 30 bpm; signal to noise ratio quantifies the ratio between the periodic (best-fit sine function) and
the random fluctuations; SampEn sample entropy, a distribution independent measure of complexity (> 2 for
uncorrelated noise and 0 for a pure sine wave).
custom controller written in LabVIEW (National Instruments, Austin, Texas, USA), utilising the Medibus
protocol extension Evita4Lab (Draeger Medical AG, Lu¨beck, Germany).
Data Acquisition
Blood Gas Analysis
Arterial and mixed venous blood samples were taken at each measurement point and analysed for
respiratory gases, pH, oxygen saturation and haemoglobin concentration using an ABL 505 blood gas
analyser (Radiometer Medical, Brønshøj, Denmark). Measurements were performed at 37 ○C and cor-
rected for body temperature measured by the pulmonary arterial catheter using implemented routines
of the blood gas analyser. To compensate for a possible influence of low frequent VT -pattern period
on blood gases two arterial and mixed venous blood samples were taken at each measurement point
during one period, and values were averaged.
Haemodynamic Signals and Variables
Arterial blood pressure and pulmonary arterial blood pressure were measured (using clinical graded
differential pressure sensors: CombiTrans, B. Braun Melsungen AG, Berlin, Germany) and recorded
continuously (sampling frequency of 500Hz) using a data acquisition card (NI USB-6210, National
Instruments, Austin, Texas, USA) connected to a personal computer running a custom acquisition soft-
ware. MAP and mean pulmonary arterial pressure (MPAP) were calculated by numerical integration of
the respective signals over one cardiac period.
CVP and PCWP were measured at each measurement point using a standard monitoring system
(IntelliVue Patient Monitor MP 50 Philips, Bo¨blingen, Germany). The 2nd lead of ECG according to
Einthoven was obtained using a bio-signal amplifier (LP511, Grass Technologies, USA).
CO was measured using the pulmonary artery catheter through the conventional thermodilution
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method. Three measurements with saline solution (10ml , 0.9%, room temperature) equally spread
over the respiratory cycle were obtained and averaged using an implemented routine of the monitoring
system.
Based on BGA and CO measurements, intra-pulmonary shunt fraction (
Q˙S
Q˙t













with oxygen content of pulmonary (alveolar) capillary blood CcO2 , with oxygen content of venous blood
CvO2 and arterial blood C
a
O2
, respectively total blood volume bypassing the lungs Q˙t and blood volume
running through venous-arterial shunts Q˙VA per unit of time, respectively.
Respiratory Signals
V˙ and Paw were measured and digitalised with-in the ventilator EvitaXL, Draeger Medical AG, Lu¨beck,
Germany and transferred to a computer for offline-analysis using a custom-made software facilitating
the Medibus Protocol (Draeger Medical AG, Lu¨beck, Germany).
Paw was also measured and digitalised simultaneously with the haemodynamic signals using a dif-
ferential pressure sensor (163PC01D48-PCB, Sensortechnics GmbH, Puchheim, Germany) and the
same digitalisation approach described above. The Paw signal was then used in off-line processing for
synchronisation between haemodynamic and respiratory signals.
Statistical Analysis
Therapy effects of the longitudinal study were assessed using mixed-effects modelling and a two-
factorial ANOVA corrected for repeated measures with factors therapy group (between factor) and time
(within factor). Post-hoc analysis was performed according to Sˇida´k. Group comparison at each time
point was carried out using parametric t-test with P-value adjustment according to Bonferroni.
Linear correlation analysis on the mean of elastance E per animal at the end of the experiment and
PaO2 was performed in order to elucidate whether the degree of gas exchange was related to the
degree of respiratory system mechanics. Before linear fitting, outliers were removed, if their distance to
the 1st or 3rd quartile was higher than 1.5 times the inter-quartile range.
Sample Size Calculation
Alveolar damage was chosen from a variety of possible primary command variables for estimation of
necessary sample size. This histological parameter can be quantified using an established scoring sys-
tem. Severity and extent of important features of lung injury are scored manually, and an overall score
for diffuse alveolar damage (DAD score) is calculated (Spieth et al., 2007). Based on earlier studies
conducted by the Pulmonary Engineering Group we estimated a mean DAD score of the control group
to be 50 (with a standard deviation of 15) and for the smallest difference between two therapy groups a
value of 20 (with equal standard deviation). For sample size calculations the following parameters were
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set as follows:
Level of significance α: 0.05
Power 1 − β: 0.80





Using two-sided contrast test and described assumptions a sample size of 16 animals per group was
calculated. The risk of exclusion of animals during the experiments was estimated to 15%, and thus
another 3 animals per group should suffice to compensate for the loss of animals. The overall sum of
animals for this study was estimated at 4 ⋅ (16 + 3) = 72 animals.
2.9.5 Comparison between PerioVar and VariaPer
The impact of both studies, PerioVar and VariaPer, on the primary outcome variable PaO2/FIO2-ratio
was performed after one hour of therapy by calculating the difference in PaO2/FIO2-ratio∆PaO2/FIO2 =
PaO2/FIO1h2 − PaO2/FIO0h2 . Additionally the number of consecutive cycles, with VT > 6ml/kg or
VT < 6ml/kg, was extracted.
2.9.6 Haemodynamic Variability
ECG and ABP were recorded simultaneously with the respiratory signals, as described in 2.9.4.
QRS complexes were detected automatically after wavelet transformation of the ECG signal and
annotations were verified manually to yield a tachogram of NN-intervals. After filtering the tachogram
for extra-systolic beats and artefacts with an adaptive filter (Wessel et al., 2000) linear and non-linear
time and frequency domain parameters were derived as described earlier (Huhle et al., 2012) with
species-specific frequency bands as recommended by von Borell et. al. (von Borell et al., 2007) with
species dependent very-low (VLF), low (LF) and high frequency (HF) band (Section 1.1.4). Using the
detected R-peaks the systolic, diastolic and mean per cycle values in ABP and PABP were identified
and each measure was filtered to remove single cycle artefacts.
2.9.7 Statistical Analysis
Values are given as mean µ and standard deviation σ (µ ± σ) in the parametric case and else as
median [1st ...3rd quartile]. All statistical analysis was performed in R statistical programming language
(R Core Team, 2018) including the car package for ANOVA (Fox & Weisberg, 2011) and the lsmeans
package for post-hoc analysis (Lenth, 2014).
Linear and non-linear modelling was done by QR-factorisation (R’s lm() method) and non-linear least
mean squares Gauss-Newton algorithm (R’s nls() method) approach, respectively. The goodness-of-fit
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was quantified by coefficient of determination (R2) and root mean squared error (RMSE), for linear and




3.1 Simulations on Numerical Recruitment and De-recruitment Model
3.1.1 Model Parameters
In this Section the results of the numerical simulations performed on the R/D model are summarised
(Section 2.8).
Model parameters ∆P and FSOSC that govern model R/D-dynamics had similar effects on the model
mechanics by leading to an increase of the PEEP necessary to achieve best compliance (Figure 3.1
and Figure C.2). Destabilization of the alveoli, e.g. through the loss of surfactant, may be modelled
by a reducing model parameter ∆P that in turn led to a best model compliance at higher PEEP levels.
A faster de-recruitment as modelled by lower values of FSOSC had a concurrent effect. The highest
optimal PEEP necessary to achieve best model compliance was 18 cmH2O, achieved when setting
open to closing speed ratio FSOSC = 1 and the offset between acinar opening and closing pressures to







































Figure 3.1: Relation between optimal PEEP according to best compliance C and the model parameters
of R/D dynamics: FSOSC and ∆P.
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3 Results
De-recruitment time constant τD (Sections 2.8.2 and 2.3) increased with FSOSC , while recruitment
time constant τR did only marginally change with FSOSC , as expected because of Eqn. 2.23. ∆P added
an offset to these relationships (Fig. C.1a - C.1d).
3.1.2 Effects of Variable Driving Pressure
Absolute model compliance increased with CV for PEEP ≤ P
optimal
eep , but were inferior compared to effects
of PEEP on model compliance (Fig. 3.2a). Highest relative improvement of model compliance C of more
than 20% compared to CV was reached at a PEEP = 2 cmH2O and CV = 45% (Fig. 3.2b).






































































Figure 3.2: Model compliance (a) and improvement of model compliance ∆C (b) for variable Pdrive
depending on its coefficient of variation CV compared to zero variability CV = 0% with
model parameters FSOSC = 10 and ∆P = 3 cmH2O.
The improvement of model compliance ∆C showed a local maximum for both ∆P and FSOSC sug-
gesting a dependence on model R/D parameters. ∆C was maximised at FSOSC = 6 (Fig. 3.3a) and
∆P = 3 cmH2O (Fig. 3.3b) at CV = 45% and at FSOSC = 4 (Fig. 3.3a) and ∆P = 6 cmH2O (Fig. 3.3b)

































































































Figure 3.3: Improvement in compliance (∆C) for variable Pdrive compared to zero variability in depend-














PEEP = 2 cmH2O
(a)










PEEP = 6 cmH2O
(b)
















































∆P = 0 cmH2O ∆P = 3 cmH2O ∆P = 6 cmH2O
Figure 3.6: ∆Crel for variable driving pressure (CoV = 30%) in dependence of de-recruitment dynamics







Recruitment through Variable Ventilation
During recruitment, the level of VT variability was 26.5 ± 1.5%. Recruitment with variable ventilation
resulted in an improvement of E from 5.0 ± 1.0 cmH2O/ml to 3.1 ± 0.6 cmH2O/ml , P < 0.001, and R
from 0.24 ± 0.07 to 0.20 ± 0.06 cmH2O ⋅ s/ml , P = 0.012 (Table B.5) as well as PaO2/FIO2-ratio from
260 ± 68 to 339 ± 84 kPa, (P < 0.001) and PaCO2 from 38 ± 5 to 34 ± 4 kPa, P = 0.002 (Table B.4).
Fitting of the mono-exponential function was only possible in 14 out of 28 experiments. The other
signals had to be excluded due to a non-avoidable interruption at the beginning of recruitment. The
quality of fit parameters from the non-linear least square fit confirmed satisfactory fit quality RMSE
(0.11 ± 0.05 cmH2O/ml) and R2 (0.83 ± 0.08 cmH2O/ml) values. Average change of elastance during
recruitment by variable ventilation was ∆E = 1.7 ± 0.6 cmH2O/l (Figure 3.12a) with a time constant
τrec of 24.7 ± 13.4 s (P < 0.001, Figure 3.12b). The final elastance reached during this initial fast
recruitment equated to E0 = 3.4 ± 0.7 cmH2O/l . In the first 25 seconds of variable ventilation 60% of
total E-reduction during the whole recruitment manoeuvrer was achieved.
















































Figure 3.12: Representative time course (experiment 22, grey circles) of E and model fit to Eq. 2.7
(solid line) with change of elastance ∆E and recruited elastance Erec after initiation of
variable ventilation (CV = 30%) at t = 0s (a) and time constant during recruitment τrec (b).
Therapy
After randomization, oxygenation and haemodynamic variables were stable and not significantly differ-
ent between groups, except for PaCO2 that increased by 1 kPa in the WN7.5 group compared to the
start of therapy. CoV of VT during therapy was distinct between all groups of therapy, with the highest
deviation to the intended values of < 5% in groups CVand WN30. Peak and mean Paw did not differ













gas exchange nor respiratory system elastance. However, Cohen’s effect size for both measures was
approximately three-fold in PerioVar compared to VariaPer.
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The main findings of this thesis were that:
1. In a double-hit model of ARDS in pigs, pVV improved oxygenation but not respiratory mechanics
(Hypothesis 1).
2. Improved cardiovascular-respiratory interactions during pVV were not associated with an im-
provement oxygenation in the HCl model of ARDS in rats (Hypothesis 2).
3. An increase of VT -pattern period beyond 14-22 respiratory cycle during variable ventilation res-
ulted in less recruited lung compared to rVV in numerical simulations (Hypothesis 3).
4. The time constant of lung de-recruitment was higher than the time constant of lung recruitment
in a double-hit model of ARDS (Hypothesis 4).
5. In a numerical model of non-linear respiratory mechanics the asymmetry between recruitment
and de-recruitment dynamics was associated with recruitment during rVV (Hypothesis 5).
6. Random variable ventilation with a CoV of 30% prevented de-recruitment in an LPS model of
lung injury (Hypothesis 6).
This discussion section is divided into three parts. In this first section, the central working hypothesis
(Section 1.2) are addressed. Thereafter, the performed experimental and numerical investigations are
discussed including their main limitations. Finally, a number of candidate mechanisms potentially ex-
plaining the results will be considered in the light of future research.
4.1 Effects of Periodic Variable Ventilation in Numerical Investigation
Using the computational simulations, we confirmed, that an excessive increase of VT -pattern period
(above 14 to 22 respiratory cycles) attenuated the positive effects of random VT -patterns on respiratory
system compliance (Hypothesis 3). Furthermore, the results of the experimental studies were confirmed
qualitatively, in the sense that VT -patterns periods below 14 to 22 cycles, depending on the instability of
the respiratory system, will not attenuate the improvements of respiratory system compliance compared
to random VT -patterns.
Numerical simulations on non-linear computational models that resemble one sub-system or a com-
bination of two or more sub-systems of respiration have the advantage that new strategies for setting
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respiratory parameters and new modes of ventilation may be investigated without the need of sacrifi-
cing animals in respiratory research. However, it was crucial to keep the limitations of the modelling
approach in mind, when interpreting the results.
The chosen modelling approach neither did allow to reproduce the positive effects on gas exchange
nor did it allow to draw any conclusion on the underlying mechanism, because only one sub-system
involved in respiration was modelled. In this sense, the results on the modelled respiratory mechanics
may be amplified and attenuated by the interaction with other relevant respiratory sub-systems.
The modelling of the respiratory sub-system through the applied Horsefield model missed one prom-
inent mechanism known from clinical studies, namely alveolar parenchymal over-distension (Slutsky &
Ranieri, 2013). Over-distension that supposedly leads to volutrauma, however, is especially important
in terms of explaining pulmonary complications occurring in the aftermath of ventilation and has no dir-
ect short-term effects on gas exchange (Gu¨ldner et al., 2016). For this reason, over-distension was not
considered to affect gas exchange and respiratory mechanics during short-term ventilation, although
the Horsefield model had just been enhanced to include over-distension in its calculations, just recently
by Amini et al. (2016).
4.2 Recruitment and De-recruitment Dynamics during Random Variable
Ventilation
4.2.1 Recruitment and De-recruitment dynamics
Double-hit model of ARDS
The results of these experiments confirmed hypothesis 4, in that respiratory system recruitment occurs
in a shorter time interval compared to de-recruitment.
The results indicate, that R/D-dynamics may not be sufficiently captured using an uni-exponential
decay model (Section 3.2.1. Instead, time N-exponential (N ≥ 2) time decay models are necessary to
be applied as indicated by the lowered AICc and as previously suggested by Markstaller et al. (2001).
Both intra- and intertidal recruitment compared to intra- and intertidal de-recruitment occurred twice and
tenfold as fast, respectively.
Due to the experimental design (Section 2.9.1), slow and fast dynamics may have had different under-
lying mechanisms. The fast dynamics in recruitment may reflected intra-tidal recruitment, as indicated
by its time constant τ recf = 0.36 s well below expiratory time and of the same order of magnitude as the
expiration time constant during de-recruitment τ = R ⋅C = 0.18 s.
Analogously, fast dynamics in de-recruitment as well as slow dynamics in recruitment may reflect
inter-tidal de-recruitment occurring during a small number of cycles. Inter-tidal recruitment occurred
with half the time constant and the tenfold of compliance change compared to inter-tidal de-recruitment.
The ratio between de-recruitment and recruitment time constant
τd
τr
, that may be interpreted as a para-
meter for R/D-asymmetry, ranged between 1.2 and 4.7, indicating that recruitment occurs 20 to 370%
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faster than de-recruitment in the double hit model applied here. Similar values for R/D-asymmetry have




= 2.9, in intra-venously injected oleic acid with τd
τr
= 1.3 and in i.v. infusion of LPS with
τd
τr
= 6.2 (Neumann et al., 1998). However in the latter study only uni-exponential instead of at least
bi-exponential modelling was applied, which hinders the comparison, as the dynamics cannot be differ-
entiated equally well. A comparison of time constants τ with values from the literature is shown in Table
4.1.
Table 4.1: Comparison of intra- and inter-tidal time constants τ during recruitment / de-recruitment with
values from literature.
Source Method
Intra-tidal τ in s Inter-tidal τ in s
Recruitment De-recruitment Recruitment De-recruitment
this investigation E 0.4 0.2 9 20
Markstaller et al. (2001) CT 0.5 0.8 9 27
Neumann et al. (1998) CT 0.8 n.a. n.a. 20
The slow dynamics of de-recruitment may reflect long-term de-recruitment processes associated with
the formation of infiltrates and oedema that have time constants of > 5min (Miserocchi et al., 2001).
Comparable dynamics during recruitment could not be assessed with the given experimental setup.
R/D-dynamics were similar to the ones derived in the surfactant model (Neumann et al., 1998; Mark-
staller et al., 2001), despite the methodological differences in deriving the dynamics. Neumann et al.
(1998) and Markstaller et al. (2001) used CT-analysis to derive R/D dynamics. Intra-tidal and inter-
tidal de-recruitment time constant was lower in the study presented here compared to Markstaller et al.
(2001), suggesting that the double hit model of ARDS may result in a less stable lung, prone to faster
de-recruitment.
This investigation had two significant limitations: First, the experiments performed to assess the
dynamics of both processes lack similarity: recruitment dynamics were evaluated from the time course
of compliance during CPAP, whereas de-recruitment dynamics were quantified after lowering PEEP
but commencing normal ventilation. This difference might have artificially decreased determined de-
recruitment time constants and extent of intra- and intertidal de-recruitment. Second, recruitment and
de-recruitment state were in this study solely assessed based on the surrogate measure respiratory
system elastance (E) and thus all mechanism influencing alveolar tissue stiffness might influence E .
However, those mechanisms were deemed stationary during the time course inspected, as fibrotic
collagen formation in lung parenchymal tissue occurs with-in days (Blaauboer et al., 2013).
Numerical Simulations
In this set of numerical simulations it was shown for the first time, that positive effects of rVV were





(Figure 3.6). A minor goal was to validate the model concerning results from experimental research in
ARDS models based on comparisons with the literature.
In the Horsefield model rVV maximised lung mechanics to > 20% compared to CV during minimal
simulated PEEP and maximal simulated CoV of 45%. Randomly variable ventilation had no effects on
model compliance for PEEP -values above PEEP maximising model compliance. As the primary mech-
anism of rVV is considered the recruitment of atelectatic lung tissue, it may be anticipated that rVV
has no additional effects compared to CV, if the lung is fully recruited or not subject to intra-tidal de-
recruitment. This in silico model result is in line with the recent clinical study (Spieth et al., 2018) of the
authors’ group were variable ventilation did not yield any relevant recruitment because there was almost
no lung region to recruit (lungs with < 5% volume atelectatic). Subsequently, rVV had no positive effect
on gas exchange, respiratory mechanics or post-operative complications. In the model, when PEEP was
set to optimal PEEP , no de-recruitment occurred end-expiratory and thus rVV had no additional effects.
The minimal PEEP value of 2 cmH2O results in fewer aerated acini at the end of expiration compared
to other PEEP values and thus leaves the highest potential for additional recruitment during rVV. The
minimal PEEP of two instead of zero had to be chosen due to methodological constraints of the model.
The maximization of recruitment and in thereby amplification of compliance with increasing CoV to
values up and above 30% is in-line with early experimental studies on rVV in ARDS (Arold et al., 2002).
Note that compliance but not gas exchange does linearly correlate with CoV because for CoV > 30%
negative haemodynamic effects counteract a further improvement of gas exchange with compliance
(Spieth et al., 2009a).
Model compliance was increased for all simulations where τD was higher than τR , as well in agree-
ment with the primary mechanism of rVV discussed in the literature: The asymmetry between recruit-
ment and de-recruitment dynamics, that results in faster recruitment, than de-recruitment. For values
of the time constant ratio τD
τR
of three to nine, rVV had its highest effect on model compliance. This
aligns with the results of numerical simulations (Ma et al., 2011) and experiments in HCl injured mice
(Thammanomai et al., 2008), were rVV had similar effects on recruitment as conventional ventilation
with intermittently high VT tailored to this asymmetry.
The limitations of numerical modelling approach facilitated here are discussed in the respective Sec-
tion 4.1 below.
4.2.2 RaVeeR Study in Rats
In this study it was first shown, that rVV may prevent de-recruitment of the lung depending on its
variability in a LPS induced model of lung inflammation as indicated by changes in respiratory system
elastance (Hypothesis 6). E was significantly decreased in WN30 compared to all other groups at the
end of therapy and an inverse relationship between CoV and increase of E became evident. These
strong effects on respiratory mechanics were in-line with a decrease in DAD score of 60% in WN30
compared to CV , while pro-inflammatory tumour-necrosis factor was decreased during rVV compared
to CV (Kiss et al., 2016). These co-linearities between microbiological and histological markers with
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E indicate that the latter may be a suitable surrogate for the recruitment state and potentially for the
impact of mechanical ventilation in this model of lung inflammation.
The maximal CoV tested in this study was thirty per cent and corresponds to the level of variability that
is safe in clinical use (Spieth et al., 2013b). It has been shown that CoV = 30% is a good compromise
between improvement of gas exchange and adverse effects on haemodynamic stability (Spieth et al.,
2009a; Arold et al., 2002).
The results of this investigation indicate that the reduction of variability during rVV may even in the
short-term lead to de-recruitment and amplified alveolar damage. However, prevention of single cycle
high VT s through reduction of CoV during variable ventilation, as soon as possible, is often debated in
the fierce afford to reduce VT (ARDS Network, 2000). This investigation confirms that the decrease in
variability after reaching a steady recruitment state to prevent cycles of intermittently high VT will result
in de-recruitment. Subsequently in a less ventilated lung, even smaller VT values might have the same
harmful hyper-inflation effects, an effect addressed in literature as “baby lung” (Gattinoni et al., 2017).
The main contributor for the change in total elastance during therapy with variable ventilation with CV
and WN30, respectively, was the volume-independent elastance E1, indicating that during treatment a
persistent de-recruitment occurred in short-term and that this de-recruitment is ameliorated with rVV
with CoV≥ 30%.
The difference between the target CoV and reached CoV in the therapy group CV , was due to
artefacts in the flow signal. In the WN30 group, values below the minimal applicable VT were replaced
by the lowest applicable value of VT . This caused the resulting CoV of VT to be lower by about five
percent compared to the target value of CV = 30% and mean VT was increased by ≈ 5% in WN30
compared to the other groups. Although these differences may be considered clinically irrelevant, it
might be argued considering the trend in the results, that if the intended CoV had been reached, the
stabilising effect of WN30 might have been amplified even more.
Recruitment after induction of anaesthesia was performed by variable ventilation with CoV = 30%
for thirty minutes. The results suggest that recruitment through variable ventilation occurs in a similar
time range compared to classical recruitment manoeuvres as confirmed in the investigation on R/D-
dynamics presented in this thesis. A comparison between the extent and the dynamics of recruitment
with variable ventilation and conventional recruitment manoeuvres, however, was not in the focus of this
investigation and is thus open for further studies.
This study had further methodological limitations: First, acute lung inflammation was induced by i.t.
installation of LPS and caution is advised when extrapolating our results either to other experimental
models of ARDS or to patients. Second, we measured the mechanical properties of the respiratory
system instead of those of the lungs. However, in small animals, chest wall elastance is relatively low
(Irvin & Bates, 2003) and not influenced by an installation of LPS into the lungs. Thus, its contribution to
changes in E is almost negligible. Third, compared with humans, small animals have fewer respiratory
bronchi and airway generation, with airways exhibiting a monopodial as opposed to a dichotomous
branching pattern (Irvin & Bates, 2003). Thus, both the response to the amount of VT variability and the
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dynamics of improvement and deterioration in E might be different in humans. Fourth, the interval of
observation after randomisation was relatively short with 90min, and we cannot rule out the possibility
that E would also have deteriorated at a CoV of VT of 30% thereafter. However, to keep animals
with endotoxin-induced acute lung inflammation alive for 4–6h, higher amounts of fluid, inotropes or
both would have been required, which could interfere with gene expression (Moriondo et al., 2012).
Finally, we did not measure protein levels of markers of cell stress, inflammation, or fibrogenesis in
bronchoalveolar lavage fluid or lung tissue.
4.3 Periodic Variable Ventilation in Experimental Studies
Effects of pVV on gas exchange and respiratory mechanics as well as cardiovascular variability and
CRI are discussed in the respective Sections 4.3.1 and 4.3.2 below. For an extensive discussion on
methodological difference between both experimental studies, the reader is referred to Section 4.3.3.
4.3.1 Gas Exchange and Respiratory Mechanics
In both studies pioneering on pVV, a dependence became obvious between VT -pattern period and
PaO2/FIO2-ratio, independently of respiratory system mechanics.
The effects of pVV on gas exchange differed between both studies qualitatively. A clinically relevant
association of gas exchange with a VT -pattern period was evident in the VariaPer-study on pigs (Hy-
pothesis 1). In PerioVar in rats on a different animal model, intermediate levels of VT -pattern period
reduced gas exchange.
These differences in gas exchange between pattern types were not associated with differences in E in
both studies as independently of the VT -pattern, variable ventilation, improved E due to recruitment of
atelectatic lung regions in line with previous findings on rVV (Arold et al., 2002; Funk et al., 2004; Spieth
et al., 2009b). The notion that changes in E represent changes in the recruitment state, is supported by
EIT analysis in the VariaPer-study: Firstly, tidal change of impedance in dorsal regions was not different
between variable ventilation pattern, but was increased versus CV ; and secondly, homogeneity was
increased in all modes of variable ventilation compared to CV . Both measures support the validity of
using E as a surrogate for respiratory system recruitment. However, to avoid artefacts of the moving
diaphragm, a rather cranial, cross section of the lung was addressed, and we cannot exclude the
possibility that R/D occurred in the most dependent (dorsal and caudal) lung regions, contributing to the
observed effects of variable ventilation on lung function.
In the VariaPer study, the association between E and PaO2 was reduced with increased VT -pattern
period. Two possible explanations are suggested for this observation, that is discussed in detail in the
respective section below:
1. with an increasing VT -pattern period, lung recruitment might become more stable over multiple
respiratory cycles, thereby enhancing surfactant production/release;
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2. periodic VT -patterns may have redistributed perfusion more effectively, improving ventilation/perfusion
matching.
To investigate whether inter-tidal R/D cycling occurs along with pVV, a cycle-type analysis was per-
formed selecting respiratory cycles with mean VT , whose preceding cycle had a higher or lower VT ,
−slope or +slope. Due to the selection criteria that were chosen to gain a comparable number of cycles
independent of the VT -pattern and cycle class, the difference of VT of the preceding cycles ∆VT ,i+1
differed between VT -patterns being significantly lower in P10 compared to P04and WN. Therefore, ∆E
should be of lesser magnitude for P10 compared to the other patterns, if inter-tidal R/D would be absent.
While ∆E was not significantly different from zero in patterns WN and P04, it was significantly negative
in P10 (Figure 3.20), indicating the presence of inter-tidal R/D of two or more cycles in P10. It is worth
noting that this type of analysis would yield differences between −slope and +slope cycles in every
visco-elastic tissue or material with relevant hysteresis independent of R/D. However the increased dif-
ference between cycle types is more likely due to a type of prolonged R/D dynamics in agreement with
(Bellardine et al., 2006), as P10 proved to be the only type of variable ventilation able to improve oxy-
genation. This may suggest that R/D on a shorter timescale, which may occur during ventilation with
reduced or no VT -pattern period, is less effective in improving lung function in this type of injury.
During conventional ventilation of the injured lung, tidal over-distension was dominant as expressed
by %E2 >> 30% in both studies. Variable ventilation resulted, independently from the VT -pattern in
recruitment and consequently, in the reduction of E , and %E2 and therefore dominant tidal linear ex-
pansion. These effects were independent of VT -pattern. In the VariaPer study, %E2 was reduced to
values above 30%, a cut-off above which over-distension is considered dominant in the lung. However,
in the PerioVar study, variable ventilation reduced %E2 to well below that threshold, where linear ex-
pansion is dominant. This apparent difference might suggest amplified sustained recruitment in the HCl
injury compared to the double-hit model of ARDS. However, the difference of the location of airway flow
and pressure measurement between both studies might also explain this. While in PerioVar airway flow
and pressure were measured directly at the Y-piece, both signals were measured with-in the ventilator
in the VariaPer study. It has never been investigated as to which extend the location of measurement
and how increased inertance, e.g. by ventilator tubing affects determined %E2.
These findings suggest that only, a so far unknown, mechanism related to another sub-system of res-
piration may be responsible for the effects of pVV on gas exchange. Unfortunately, the exact mechanism
could not be elucidated with-in this thesis. Potentially involved candidate mechanisms are discussed
below (Section 4.4).
4.3.2 Cardiovascular Variability and Cardiovascular-Respiratory Interactions
In the VariaPer-study in pigs, the fluctuations of the normal beat to normal beat interval NN were to low
to be captured with a sampling rate of 200Hz of the ECG. Hence neither cardiovascular variability nor
CRI could be assessed in that study. For this reason, the description of cardiovascular variability and




The results of the analysis of cardiovascular variability suggest that heart rate and blood pressure
variations are increased at the corresponding frequency with increasing VT -pattern period. While for
P0.4 and WN, blood pressure was increased in the LF band when compared to the other patterns, it
was increased in the VLF band for P0.05. Additionally, the highest over-all blood pressure variability
was seen in P0.05. This, however, does not necessarily indicate, that blood pressure variations are not
influenced to the same extent by intra-thoracic pressure variations or VT -variation in the other periodic
VT -patterns. The respective frequency bands become narrower with decreasing frequency and thus
peak VT -pattern power was increased with increasing VT -pattern period (Figure 2.7 and Table 2.17).
The direct mechanism responsible for these blood pressure fluctuations may be intra-thoracic pres-
sure variations induced by the VT -pattern. This explanation was supported by the cycle-type and EIT
analysis that confirmed enhanced inter-cycle R/D. During successive high VT cycles intra-thoracic pres-
sure was increased, that in turn decreases venous return to the right atrium and results in reduced
stroke volume that causes the fall of left ventricular afterload after several cycles, resulting in arterial
blood pressure reduction (Kreit, 2014).
Interestingly, over-all heart rate variability was not affected by the VT -pattern period. In the power
analysis, heart rate variability was changed only in the VLF band. Heart rate variability was increased
for pattern P0.05 compared to all others, possibly suggesting that variations of intra-thoracic pressure
and blood pressure within certain time intervals and at specific amount are essentially effecting heart
rate variability. The later is potentially explained by the total blood volume circulation frequency in rats
that lies within this frequency range (Section 1.1.4). Blood that circulated the lungs during successive
low VT cycles has presumably a lower PaO2. The same blood is repeatedly circulating the lungs
during successive low VT cycles in the P0.05 pattern as its own circulation time is equal to the VT -
pattern period. Thereby low and high PaO2 blood volumes are accumulated and the physiological
countermeasures of hypoxaemia, namely an increase in blood pressure and an increase in heart rate
(secondary, indirect effect), take action. Indeed, this is an idealised model of thought that assumes
equal blood flow velocities in all organs and thus no mixing of differently oxygenated blood volumes.
Blood pressure variability in literature was typically assessed, using the peak and nadir values of a
cardiac cycle in the blood pressure curve (systolic and diastolic values, respectively). For this investig-
ation and the target application in the light of gas exchange, the mean values were deemed to be more
representative as blood flow is determined by mean pressure and mean vascular resistance. Thus, oxy-
genation and de-oxygenation of blood are more directly related to variations in mean blood pressure,
than to temporal low or high values.
Cardiovascular-Respiratory Interaction
The CRI analysis revealed, that baroreflex and cardiovascular interactions as well as RSA are amplified
during pVV with the pattern P0.4 compared to all other periodic VT -patterns, but not compared to WN
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(Figure 3.17). This confirms hypothesis 2 indicating that a stimulation of RSA may be possible by pVV,
however extent and direction of this stimulation may be frequency dependent. While ventilation with the
pattern P0.4 was tending to increase CRI, ventilation with P0.05 and P0.1 tended to decrease CRI, when
compared with WN.
Interestingly, pattern P0.4 was also the pattern with the lowest PaO2 after one hour of therapy (Figure
3.15a). This may suggest an association between a decrease of gas exchange, and an increased
CRI, in contrast to the original hypothesis 2, when the main frequency of VT -pattern overlaps with
the frequency range of action of sympatic modulation, endothelial-derived nitric oxide (NO) and the
baroreflex mechanism (Table 1.2). The applied method TE, however, does not allow differentiation
whether baroreflex, cardio-vascular interaction, RSA, or a combination of those might have caused
the decrease in gas exchange. Neither does TE allow to determine a sequence of mechanisms, e.g.,
increased RSA results in increased baroreflex or vice versa.
During controlled mechanical ventilation, analgesic agents reduce or even completely abolish cent-
ral respiratory drive, depending on the dosage, while muscle relaxants are administered to prevent re-
maining diaphragmatic action only in entirely passive controlled mechanical ventilation. During assisted
ventilation, it has been found that central respiratory drive effects heart rate, leading to an increase in
cardio-ventilatory coupling. In that study in healthy lung pigs, there was no difference in the concen-
tration of analgesic agents suggesting that central respiratory drive still affects heart rate during total
intravenous anaesthesia. In that investigation on rVV, however, no association was found between
cardio-ventilatory coupling and gas exchange during assisted ventilation (Beda et al., 2012).
RSA was not affected, but PaO2 and E improved during variable ventilation with the pattern WN in
PerioVar. This is in concordance with the results found in healthy lung pigs reported by Beda et al.
(2012), but in contrast to the results found in an experimental model of ARDS in pigs induced by oleic
acid infusion. In the latter, RSA was increased in rVV compared to CV, although an association with
gas exchange was not found (Mutch et al., 2005). It is known that anaesthetic and analgesic agents
greatly differ in their cardiovascular and autonomic influence the, therefore, may directly effect RSA.
Furthermore, differences in lung injury, RR, and the number of ventilator parameters varied with-in one
respiratory cycle during rVV, may explain the differences1.
No differences were found in ventilatory-vascular interactions (Paw → MAP) between all modes of
ventilation. This observation may seem contradictory to the increased heart rate and blood pressure
variability found for P0.05 in the VLF frequency band according to the power analysis. However the total
energy of all patterns was equal, but the frequency bandwidth was lowest in VLF, resulting in the highest
concentration of signal power for P0.05.
The TE analysis used in this dissertation was in-line with the results of the transfer function based
analysis of CRI on the PerioVar-study as previously presented (Huhle et al., 2015). The TE analysis
confirms that the increased average HF gain for baroreflex during P0.4 is not a false positive effect
caused by cross-influences that were not considered in the bi-variate transfer function approach.
1
Mutch et al. (2005) varied RR AND VT for each respiratory cycle such that per cycle minute ventilation remained constant.
91
4 Discussion
Limitations of this investigation may be found looking at the underlying assumptions of the applied
TE approach: Firstly, stationarity was indirectly assumed, in the sense that all co-influences on MAP
or NN are time-invariant; and secondly, that the applied quantization level was sufficient to capture
signal changes relevant for causal coupling (Faes & Porta, 2014). In contrast to conventional bi-variate
methods of analysis of cardiovascular-ventilatory interactions, like the transfer function approach, the
TE approach may also capture non-linear interactions and considers all signals in the quantification of
each pair of involved signals.
4.3.3 Limitations
Species and Injury Model
While pigs are considered the species with the highest similarities to primates in respiratory and cardi-
ovascular physiology, rodents and especially rats show a number of derivations from humans. Firstly,
the thorax of rats is less stiff compared to pigs and humans thus rat lungs are more prone to collapse.
Secondly, pigs were bred in a standard breeding facility for slaughterhouses, and therefore are more
heterogeneous in there physical state and number and amount of pre-infection, than the genetically
same pathogen-free rats from the laboratory. Thirdly, both species macrophages differ in their ability to
produce NO, that is involved in the pathogenesis of lung injury. Pig, similar to human, macrophages pro-
duce only a small amount of NO compared to mice. Fourth, rats just as humans, but unlike pigs, do not
have pulmonary intravascular macrophages. Even though in this study, direct inflammatory response
has not been assessed directly, these differences should be considered. Overall species similarity with
homo sapiens is higher in pigs compared to rats. For this reason, the study on pigs may be viewed as
more representative. (Matute-Bello et al., 2008)
The applied injury model essential differed between both studies concerning pathogenesis, extent
and manifestation of ARDS although both, the double-hit model, and the HCl-aspiration target primarily
the alveolar epithelium. While HCl-aspiration was developed to simulate aspiration of gastric content,
the double-hit model, a combination of repeated surfactant lavage followed by injurious ventilation to
provoke VILI simulates ARDS caused by drowning. The primary effect of HCl-aspiration is the injury
of the alveolar epithelium with subsequent injuries to the capillary wall, and the ensuing inflammatory
response that results in oedema formation and capillary leakage. Macroscopically, this injury model
results in a heterogeneous injury with local regions of collapse, neutrophilic inflammation, alveolar
haemorrhage, oedema and impaired fluid clearance. In repeated surfactant depletion, lung injury is
caused by alveolar collapse due to increased air-fluid surface tension in the alveoli. Repeated open-
ing and closing during subsequent injurious ventilation then leads to mechanical injury to the alveolar
wall. Macroscopically this model yields a homogeneously distributed lung collapse that is uniformly
recruitable. (Matute-Bello et al., 2008)
Both models resulted in a reduction of aerated lung volume, respiratory system compliance and func-
tional residual capacity that results in lowered oxygenation. However, in the HCl model this reduction
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caused by secondary loss of surfactant is a consequence of the alveolar damage just like in human
ARDS. In the double-hit model, the loss of surfactant is the primary cause, and epithelial injury is only
secondarily caused during ventilation. Random and pVV alike recruited collapsed regions, thereby
increased aerated lung volume, gas exchange and compliance.
Initially, the severity of ARDS was similar in both studies according to the Berlin definition (ARDS
Definition Task Force et al., 2012), it had changed to mild ARDS in VariaPer already after one hour of
therapy, and the criteria of ARDS were not fulfilled any more after two hours of treatment. In contrary in
the PerioVar study, the criteria for moderate to severe ARDS were met during the whole therapy time.
Therapy Time, Study Design and Sample Size
Total experimental time of four hours in PerioVar versus six hours in VariaPer was similar in a clinical
context. However, due to the different study types, the actual therapy time was shorter in PerioVar with
one hour compared to VariaPer with six hours. However, after one hour of therapy, the effect size in
PerioVar was higher compared to the effect size during VariaPer.
Due to the cross-over design of PerioVar all adjustments of the entire respiratory system that only
occur after one hour or accumulate over time were not detectable in the cross-over study but did in-
fluence the results of the VariaPer study. Moreover, a carry-over effect became noticeable, namely a
significant difference in PaO2/FIO2-ratio between the four Latin squares designs. With the sequence
that had as first therapy the most extended VT -pattern period showing a higher overall PaO2/FIO2-ratio
compared to the sequence initially starting with a completely random VT -pattern. This could suggest
that in the early therapy of ARDS a long VT -pattern period might be superior compared to a random
pattern. However, the sample size was only four animals, and thus this could be a false positive effect
caused merely by chance.
The lack of significant pattern effects on PaO2/FIO2-ratio in PerioVar may suggest that pVV may have
no effect in this ARDS model. The effect size for PaO2/FIO2 after one hour of therapy was higher in
PerioVar compared to VariaPer suggesting that similar or potentially bigger effects may exist in the HCl
model of ARDS in rats compared to the double-hit model in pigs.
Latin-squares cross-over designs may be the first approach to test an experimental hypothesis having
to sacrifice only a few animals as every therapy is applied successively to each animal. While Latin-
squares designs are robust against first-order carry-over effects, higher order carry-over effects may
have adverse effects leading to an increase of the β error. Significant impacts of with-in variates (e.g.,
therapy time) on outcome variables may increase the variance of the later and thus may increase the α
error.
In the longitudinal study VariaPer, every animal was ventilated with one distinct VT -pattern. An ad-
vantage of this study design was that possible interactions between successive treatments are not ex-
istent. Disadvantageous may be higher variability in the preparation of the animals and the degree and
stability of the injury model and thus increased inter-animal variability in relevant functional parameters.
The VariaPer study was adequately powered. However, this may not be concluded for the PerioVar
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study, although sample size estimation of the latter was performed based on the results of the former,
however, based on the results of gas exchange after six hours of therapy. The occurrence of significant
time and Latin square sequence effects on the most functional parameters implicitly forced to reanalysis
only the first therapy of each animal concerning pattern effects. Thus, the sample size reduced to N = 4
per VT -pattern period and hence the PerioVar study was underpowered although effect sizes of pattern
period on gas exchange for both studies were comparable or even higher in PerioVar compared to
VariaPer.
Tidal Volume Pattern Period
The genesis of periodic VT -patterns used in both studies was different, that yielded differences in re-
quired parameters. Paramount condition in the generation of periodic patterns was that their probability
distributions were if not identical, then at best not different. In the VariaPer-study a straightforward ap-
proach of sorting and re-ordering of single samples was applied, such that a periodicity of N cycles
was generated while having the same probability distribution. Due to methodological constraints N was
restricted to positive integer values, and thus the frequency of the periodic VT -variation could not be
adjusted freely but was bound to fRR/N with N ∈ Z+. All protocol related changes in fRR , e.g., to reach a
given target value of PaCO2 also affected the main frequency of the VT -pattern. Another approach was
applied in PerioVar that allowed exact and free specification of a constant main VT -pattern frequency,
invariant to the RR. This difference in origin resulted in a higher regularity, expressed by a smaller CoV
of the period, in patterns of the VariaPer study compared to the PerioVar study.
4.4 Putative Mechanisms
4.4.1 Deterministic Resonance
In contrast to stochastic resonance, deterministic resonance is caused by a (sub)system which must
resonate, i.e. which is externally stimulated. As the respiratory system is a composite system consisting
of many sub-systems, deterministic resonance would only be an explanation, if one resonant system
could be identified. It is worth noting that deterministic resonance according to linear system theory only
occurs in weekly or under-damped systems, which may not be assumed for the sub-systems discussed.
However, frequency resonance was found non-linear systems independent of any damping (Section
4.4.2). Identified potential mechanisms are discussed in the light of three potential subsystems.
Hypoxic Vasoconstriction
Increased inter-tidal, in contrast to intra-tidal recruitment/de-recruitment, as seen in P10 of the VariaPer-
study, may have beneficial effects on V/Q˙ and thus on gas exchange through HPVC (Section 1.1.4).
The VT -patter period P10 was chosen to be with-in the range of the characteristic time constant of the
HPVC. According to a numerical estimation, only 1.6% of the final HPVC response is reached during
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intra-tidal recruitment/de-recruitment with fRR = 30bpm (T = 2 s), whereas 8% of the HPVC response
is reached in regions that remain open/closed for 10 s, as for pattern P10, which corresponds to a 5-fold
relative increase of HPVC output. therefore, even with the same mean recruitment status of the lung,
gas exchange will be enhanced due to better average V/Q˙-matching. This mechanism therefore might
explain why improvements of gas exchange existed only in the double-hit, but not in the HCl model of
ARDS.
The significant increase of MPAP complexity for all patterns of variable ventilation in the VariaPer-
study supports the concept that pulmonary vascular resistance is altered through variable ventilation
independent of the pattern either directly through the high intra-vascular pressure or indirectly through
hypoxic pulmonary vasoconstriction. These effects of variable ventilation on pulmonary vascular resist-
ance depending on patterns variability have been confirmed, however, in an emphysema induced rat
model of lung inflammation (Wierzchon et al., 2017).
Surfactant Production and Release
The dynamics of the surfactant sub-systems (Section 1.1.4) were within the range of the VT -pattern
period of P10 of the VariaPer study, and P10 was the only group in that study showing signs of amp-
lified inter-tidal recruitment/de-recruitment. It was shown before that lung area subjected to inter-tidal
recruitment/de-recruitment high VT cycles may activate surfactant secretion more sufficiently, while
surfactant is released after the strain impulse has decayed during subsequent low VT cycles (Edwards,
2001). Inter-tidal recruitment during pVV with high VT -pattern period might have amplified these effects.
Another indication for stimulations of the surfactant production and release system is that in P10 the
scatter of elastance was lowest suggesting a more reliable, sufficient and stable recruitment, again
indicating that surfactant production and release might have been improved. Finally, it was shown
before that random variable ventilation increases surfactant protein concentrations in bronchoalveolar
lavage (Arold et al., 2003).
Ultimately, the fact that positive effects of gas exchange were only seen in the ARDS model consisting
of surfactant lavage and ventilator-induced lung injury, but not after i.v. HCl-installation, may suggest
that surfactant production and release are increased during pVV (Matute-Bello et al., 2008).
Interaction with Respiratory System
The respiratory system as a resonating system may be excluded due to the presented results for the
following reasons:
1. E was similar in all patterns tested in all studies performed in this thesis.
2. E was correlated with PaO2/FIO2-ratio to a lesser extent with increasing VT -pattern period in the
double-hit model in pigs.
However in VariaPer-study, one could argue that recruitment was more reliable and stable in pVV with
P10 as the scatter of E was the lowest overall experiments at the end of therapy in this group. This,
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however, might be a sole co-incidence caused by the severity and especially long-term recruitability of
the lung injury induced at the beginning of the experiment.
A comparative measurement of lung recruitability of the respiratory system, e.g. by a conventional
recruitment manoeuvre, was not performed after injury in any of the studies, which would have helped
to elucidate the role of the dynamics of the respiratory system.
The numerical simulations on rVV suggest that the recruitment effects and thereby the improvement
of model compliance may have properties of deterministic resonance: A maximal improvement of model
agreement at medium levels of recruitment/de-recruitment dynamics. However, only improvements of
respiratory system elastance of below 1% have been found during pVV.
4.4.2 Resonant Activation
Another possible mechanism explaining the positive effects of pVV on oxygenation through pVV is
resonant activation. Resonant activation was discovered during analysis of thermally activated potential
barrier crossings in the presence of fluctuations of the barrier properties itself. Do¨hring and Gadoua
showed that the traversal rate over a barrier fluctuating with frequency ω is dependent on ω and exhibits
a maximal resonant traversal rate (Doering & Gadoua, 1992). Since then resonant activation was
successfully tested as a strategy against bacterial resistance (Fu et al., 2010) and to explain extinction
times in evolutionary models (Spalding et al., 2017).
Analogously the alveolar epithelium may be seen as the fluctuating barrier concerning the gas ex-
change between the intra-vascular and the alveolar spaces. In this context barrier traversal rate of
PaO2 would be maximised by the barrier fluctuation frequency that corresponds to the RR divided by
the period of the VT -pattern. This explanatory hypothesis may explain, why positive effects on gas
exchange have been seen in the double-hit model, but not in an inflammatory model of HCl-installation.
The HCl-instillation direct action is cellular damage while the primary path of injury in the double-hit
model is de-recruitment, with only secondary cellular damage. This mechanism may be investigated
on a cellular level in bench investigations on a stretch device with lung epithelial type-I or type-II cells
(Rentzsch et al., 2017).
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The asymmetry between recruitment and de-recruitment dynamics, which could be quantified by the
analysis of the time course of dynamic elastance, was associated with recruitment during random vari-
able ventilation in numerical simulations.
Periodic variable ventilation improved arterial oxygenation to a clinically relevant extent without con-
comitant improvement of lung recruitment compared to random variable ventilation in a double-hit model
of ARDS. Cardiovascular-respiratory interactions and asymmetry of recruitment and de-recruitment dy-
namics were not associated with this improvement.
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B Additional data on experimental studies
Table B.1: Content of this Appendix section.
Tbl./Fig. Study Content
B.2 RecDerec Recruitment dynamics after double hit injury
B.3 RecDerec De-recruitment dynamics after double hit injury
B.4 RaVeeR Haemodynamics and gas exchange variables
B.5 RaVeeR Respiratory system mechanics
B.7a PerioVar Baseline values for gas exchange and haemodynamics.
B.7b PerioVar Baseline values for respiratory system mechanics.
B.8 PerioVar
Gas exchange, Haemodynamics and respiratory system mechanics
(absolute values)
B.9 PerioVar
Gas exchange, Haemodynamics and respiratory system mechanics
(difference values)
B.10 PerioVar Heart rate variability
B.11 PerioVar Blood pressure variability
B.12 VariaPer Respiratory system mechanics
B.13 VariaPer Gas exchange and haemodynamics
B.14 VariaPer Cycle type analysis to assess inter-tidal recruitment
B.16 VariaPer Blood pressure variability
B.17 VariaPer EIT: Tidal image distribution
B.18 VariaPer EIT: Complexity measures
129
B Additional data on experimental studies
Table B.2: Model parameters and AICc of the uni- and bi-exponential recruitment time models
Uni-exponential Bi-exponential
C0 ∆C τ AICc ∆Cf τf ∆Cs τs AICc
1 8.41 22.8 1.503 6177 10.59 0.284 13.44 3.57 −1649.0
2 10.54 24.4 1.476 7163 14.53 0.346 14.70 7.78 −1733.0
4 9.54 53.4 2.232 7333 18.98 0.466 38.63 4.38 −73.2
6 7.90 27.8 1.222 4499 19.90 0.631 16.34 10.26 2350.0
7 8.81 18.3 3.106 5742 7.59 0.472 18.48 13.01 −2249.0
8 9.01 22.7 0.615 5237 17.54 0.290 8.56 6.84 −2110.0
9 6.85 22.4 1.472 5184 11.79 0.226 18.76 8.35 −11.3
11 7.57 31.5 2.606 4660 10.89 0.347 40.61 11.39 596.9
13 7.37 26.3 3.870 6678 8.39 0.209 34.80 16.13 −1158.0
µ 8.44 27.7 2.012 5853 13.36 0.363 22.70 9.08 −670.7
σ 1.16 10.3 1.029 1048 4.58 0.136 11.96 4.05 1516.9
∆C in ml ⋅ cmH2O
−1
, τ in s and AICc in arb.u.
Table B.3: Model parameters and AICc of the uni- and bi-exponential de-recruitment time models
Uni-exponential Bi-exponential
C0 ∆C τ AICc ∆Cf τf ∆Cs τs AICc
1 18.17 2.705 116.0 −64.8 1.969 9.42 2.283 175 −224
2 18.86 3.442 415.3 −255.8 1.044 36.58 3.779 702 −350
3 20.18 3.999 131.9 383.5 5.089 10.75 2.929 291 −343
4 24.16 3.913 190.1 133.1 2.986 20.65 4.091 524 −188
5 12.93 1.381 63.4 −739.9 1.408 19.19 0.564 273 −990
6 13.98 2.055 234.6 −374.7 1.424 19.00 1.869 418 −631
7 16.25 2.045 363.1 −193.7 1.891 15.94 2.523 943 −550
8 19.22 2.953 225.0 42.7 2.428 23.47 2.650 519 −287
9 12.23 1.891 433.6 −890.0 1.438 13.55 1.946 669 −1411
10 14.11 0.641 108.7 −497.0 1.032 0.779 0.624 111.9 −495
11 12.64 0.834 65.4 −1516.0 0.863 4.836 0.666 83.7 −1583
12 15.34 2.015 439.3 −811.4 1.148 19.08 2.111 715 −1229
13 12.32 1.243 362.0 −1249.0 0.519 30.28 1.171 517 −1372
µ 16.18 2.240 242.2 −464.1 1.940 19.81 2.356 522 −743
σ 3.69 1.102 143.3 556.6 1.245 8.07 1.028 227 505
C0 , ∆C in ml ⋅ cmH2O
−1














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































S1 351 ± 30 351 ± 30
S2 334 ± 19 334 ± 19
S3 325 ± 27 325 ± 27
S4 334 ± 26 334 ± 26
P = 0.569 P = 0.569
PaO2/FIO2 (mmHg)
S1 170 ± 7 82 ± 15
S2 140 ± 47 77 ± 8
S3 162 ± 26 82 ± 6
S4 163 ± 15 76 ± 12
P = 0.386 P = 0.838
PaCO2 (mmHg)
S1 42 ± 3 53 ± 3
S2 48 ± 4 53 ± 6
S3 46 ± 8 55 ± 6
S4 46 ± 2 54 ± 4
P = 0.106 P = 0.950
HR(bpm)
S1 300 ± 48 271 ± 13
S2 336 ± 35 275 ± 24
S3 361 ± 39 280 ± 42
S4 334 ± 33 286 ± 24
P = 0.226 P = 0.902
MAP(mmHg)
S1 82 ± 15 91 ± 12
S2 92 ± 19 80 ± 13
S3 100 ± 16 91 ± 8
S4 91 ± 12 85 ± 8
P = 0.326 P = 0.544
(a) Gas exchange and haemodynamics
Baseline Injury
R (cmH2O ⋅ s/ml)
S1 0.20 ± 0.06 0.30 ± 0.12
S2 0.30 ± 0.08 0.27 ± 0.32
S3 0.28 ± 0.15 0.31 ± 0.18
S4 0.18 ± 0.24 0.33 ± 0.16
P = 0.239 P = 0.861
E (cmH2O/ml)
S1 2.1 ± 0.5 6.8 ± 1.0
S2 2.7 ± 1.6 7.9 ± 1.7
S3 2.4 ± 0.4 7.9 ± 1.6
S4 2.4 ± 1.5 7.3 ± 1.0
P = 0.657 P = 0.692
E1 (cmH2O/ml)
S1 2.2 ± 0.4 0.9 ± 0.3
S2 2.5 ± 0.5 1.5 ± 2.1
S3 2.6 ± 0.5 1.1 ± 1.1
S4 1.9 ± 0.3 0.8 ± 0.9
P = 0.175 P = 0.599
E2 (cmH2O/ml2)
S1 −0.02 ± 0.28 3.07 ± 0.81
S2 0.11 ± 0.64 3.57 ± 1.70
S3 −0.06 ± 0.09 3.81 ± 1.30
S4 0.34 ± 0.68 3.55 ± 0.78
P = 0.277 P = 0.861
%E2 (%)
S1 −5.1 ± 24 87.8 ± 5.4
S2 −5.5 ± 32 81.8 ± 23
S3 −4.7 ± 7.6 85.8 ± 17
S4 12.1 ± 27 89.0 ± 13
P = 0.267 P = 0.792
(b) Respiratory system mechanics
Values are mean±standard deviation; non-parametric Kruskal-Wallis test followed by Wilcoxon post-hoc pairwise
comparison with adjustment acc. to Bonferroni was used to assess differences between sequences.
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∆P = 0 cmH2O ∆P = 3 cmH2O ∆P = 6 cmH2O ∆P = 9 cmH2O ∆P = 12 cmH2O
Figure C.1: Relationship between de-recruitment τD (a-b) and recruitment τR (c-d) dynamics with model
parameters FSOSC and ∆P at two different PEEP levels (left/right column).
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Fast collapse (FSOSC = 1)
(a)






























Fast collapse (FSOSC = 1)
(b)





























Slow collapse (FSOSC = 50)
(c)






























Slow collapse (FSOSC = 50)
(d)
































Instable acini (∆P = 0cmH2O)
(e)

































Instable acini (∆P = 0cmH2O)
(f)
































Stable acini (∆P = 9cmH2O)
(g)

































Stable acini (∆P = 9cmH2O)
(h)
Figure C.2: Model resistance R (left column) and compliance C (right column) in dependence of PEEP
and the parameters determining recruitment/de-recruitment dynamics: collapse speed ra-
tios FSOSC : 1
st row FSOSC = 1 and 2
nd row FSOSC = 50 and two different ∆P: 3
rd row
∆P = 0 cmH2O and 4
th row ∆P = 9 cmH2O.
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